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The Gulf of Maine has been fundamentally altered by anthropogenic forcings for decades
and offers an ideal study system to monitor response to change. Through complex interactions
between ocean warming, altered demographic bottlenecks, and reduced top-down controls, the
American lobster (Homarus americanus Milne Edwards) capitalized on favorable conditions and
proliferated within the Gulf of Maine. These changes catalyzed the expansion of the lobster
fishery, elevated its status as North America’s most valuable marine resource, and shifted coastal
communities towards a virtual lobster monoculture. The same processes that facilitated lobster to
capitalize on favorable conditions may come with unintended consequences and have
implications for sustainability in a continually changing ocean environment. As such, evaluating
the anthropogenic impacts by the American lobster fishery and to lobster demographic processes
is critical for effective fisheries management. Specifically, by evaluating compliance with the
Magnuson-Stevens Fishery Conservation and Management Act, identifying stock boundaries,
and improving the quality of juvenile abundance data for integration into stock assessment
models.

This dissertation research developed, and implemented, several modeling frameworks to
assess how anthropogenic impacts have fundamentally altered the American lobster fishery, how
ocean change affects the demographic processes of larval and postlarval lobster, and the
implications of these relationships to the sustainability of this species under climate change.
Specifically, this dissertation research consists of: 1) an evaluation of lobster gear interactions on
the seabed to evaluate the direct impacts of an expanded fishing fleet on essential benthic
habitats of the Gulf of Maine, 2) an evaluation of phenological changes to lobster egg hatch
phenology and a thermal development framework to assess spatiotemporal variability in hatch
timing across the Northwest Atlantic Continental Shelf, 3) a re-evaluation of the demographic
processes controlling the propensity to settle of postlarval lobster, and 4) a thermal niche model
to investigate the modulating effects of thermally-suitable nursery habitats on settlement year
class strength.
The first step in assessing anthropogenic impacts to critical marine habitats investigated the
direct effects of the expanded lobster fleet to the seabed in the Gulf of Maine. Mandated by the
Magnuson-Stevens Fishery Conservation and Management Act of 1976, US fisheries must
minimize adverse effects of fishing on essential fish habitat. The rapid increase of lobster traps
fished in the Gulf of Maine may be causing damage to these critical marine habitats. We utilized
a model that links habitat susceptibility and recovery to lobster fishing effort to determine the
annual and cumulative effects of an expanded fishing fleet on essential fish habitats. We
identified heterogeneous patterns of annual and cumulative impact by the lobster fishery and
found that upwards of 13% of the seabed can be in the process of recovery from interactions with
lobster traps. However, the probability of recurrent damage on essential fish habitats was so low
that >99% of damaged habitats fully recover.

The second assessment provided a modeling framework to determine ocean warming
impacts to the hatch timing of larval lobster. Relationships between local ocean temperature and
hatch phenology were identified and a thermal threshold for embryogenesis was determined.
Modeled ocean temperatures were used to identify the spatiotemporal dynamics associated when
this developmental thermal threshold is reached over the Northwest Atlantic Continental Shelf.
Generalized Additive Models were implemented to identify seasonal contributions to the rate of
embryonic development and assess the factors responsible for changes to egg hatch phenology.
These models identified that warming temperatures during the spring primarily contribute to
changes in hatch phenology, but changes since 2007 are partially attributable to rising
temperatures during the winter. The change in seasonal significance is driven by warming above
the lower thermal threshold for embryogenesis, altering the timeframe over which embryonic
development occurs during the year. Combined with distributional shifts, the changing patterns
of hatch phenology have implications on larval connectivity and dispersal.
The third and fourth assessments characterize the adaptive capacity of settling postlarval
lobster to utilize recruitable thermal habitats over large geographic scales. Successful recruitment
of postlarvae is predicated by the availability of thermally suitable nursery habitats (12-20 °C)
and altered spatiotemporal dynamics in the availability of these habitats may change the
demographic bottlenecks restricting settlement. First, settlement patterns from postlarval
collectors were used to identify the prevailing abiotic factors that control settlement in deep,
offshore habitats across two oceanographically distinct regions in the Gulf of Maine. Modeled
ocean conditions were then used to characterize the availability of thermally suitable nursery
habitats and investigate their modulating effect on patterns of inshore recruitment. Rates of
inshore settlement, availability of thermally suitable nursery habitats, and regionally specific

settlement patterns were combined to create a new estimate of settlement year class strength.
These new estimates of settlement year class strength exhibit contrasting patterns to inshore
settlement density, suggest a lower magnitude decline in postlarval lobster abundance, and
suggest that the adaptive capacity of postlarvae to utilize deeper, offshore recruitment habitats is
greater in the northeastern Gulf of Maine.
This dissertation research is novel as it provides a quantitative framework to assess the
anthropogenic impacts to essential habitats of the Gulf of Maine, how they have been impacted
by an expanded lobster fishery, and their implications to lobster biogeography and population
dynamics. The modeling approaches developed and implemented in this study provide the basis
to test assumptions of environmental influence to the most critical life-history stages of the
American lobster and better characterize habitat use in a changing ocean environment. Among
the changes to crucial habitats, this research illustrates how small changes in thermogeography
can translate into large ecological responses that fundamentally alter key life history processes.
This dissertation provides a novel step characterizing climate change influences on lobster
populations in a rapidly changing ocean environment, and provides the basis for creating a
comprehensive early life history model of the American lobster for improved stock assessment
and management.
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CHAPTER 1 - INTRODUCTION AND BACKGROUND
1.1 A Changing Gulf of Maine
The Gulf of Maine (GoM) is the most productive marine system in the Atlantic U.S.,
making up only ~10% of its area but producing over half of its value in commercial fisheries
(NOAA, 2021). It has supported some of the most productive fisheries in the world; most
notably groundfish (e.g., Atlantic cod; Alexander et al., 2009), ocean scallop (ME DMR, 2018;
NMFS, 2021), and lobster (DFO, 2021; ME DMR, 2021; NMFS, 2021). Over the past century
the GoM has experienced successive ecosystem shifts due to direct and indirect anthropogenic
forcing, changing community assemblages and predominant fisheries (Harris & Tyrrell, 2001).
Over-exploitation by several fisheries have driven successive benthic regime shifts within the
GoM; overfishing groundfish stocks transitioned kelp and groundfish dominated benthic
communities to predator devoid urchin barrens, and then urchin overfishing transitioned the
ecosystem to its current state of crab and lobster dominated macrophyte communities largely
devoid of large predators (Harris & Tyrrell, 2001; Steneck et al., 2004; Adey & Hayek, 2011).
Concurrently, climate change led to rapid warming within the GoM, further altering the
trajectory of many marine species. Over the last decade and a half, the GoM experienced one of
the fastest recorded warming periods of any large marine ecosystem known, aiding the decline of
cold-water species (e.g., northern shrimp and cod; Drinkwater, 2005; Pershing et al., 2015) and
facilitating a rise in warm-water species (e.g., red hake and black sea bass; Nye et al., 2009).
Changes in large-scale ocean circulation patterns drive these warming patterns as the intrusion of
water into the GoM shifts away from cold Scotian Shelf water and more towards warm Gulf
Stream water (Brickman et al., 2018; Gonçalves Neto et al., 2021). These altered boundary
conditions drove a thermal regime shift in 2008, are increasing the frequency and severity of
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marine heatwaves, and portend continued warming over the coming century (Saba et al., 2016;
Pershing et al., 2018; Friedland et al., 2020; Gonçalves Neto et al., 2021). At risk are the
fisheries and communities upon which they are perilously reliant, increasing the urgency to
evaluate how fisheries have responded to change and how they might react in the future.

1.2 The American lobster (Homarus americanus)
The American lobster, Homarus americanus Milne Edwards, is North America’s most
valuable single-species fishery (DFO, 2021; NMFS, 2021), over 80% of the US production
comes from the GoM (NMFS, 2021), and the fate of lobster in the GoM has been fundamentally
shaped by anthropogenic impacts to suitable habitats. Overfishing over the past century drove
successive regime shifts and facilitated the emergence of benthic habitats ideal for lobster
proliferation while ocean warming expanded the extent to which this proliferation could occur
(Steneck et al., 2011; Steneck & Wahle, 2013). Temperature affects embryonic and larval
development, spawn timing, patterns of connectivity, sounding behavior, habitat suitability, and
fishery recruitment (Campbell, 1983; 1986; Aiken & Waddy, 1986; MacKenzie, 1988; Annis,
2005; Steneck, 2006; Xue et al., 2008; Castro et al., 2012; Tanaka & Chen, 2016). Rising ocean
temperatures expanded the availability of thermally-suitable habitats for lobster, driving a
population surge in the GoM (Le Bris et al. 2018). This population surge in the GoM stimulated
a 3-fold increase in the number of traps fished annually, and drove a 5-fold increase in landings,
contributing over $500 million to coastal communities annually (Figure 1-1; ME DMR, 2018;
NMFS, 2021).

2

Figure 1-1. Change in the Gulf of Maine lobster fishery. Black line: number of trap tags sold in
Maine. Grey bars: Maine lobster landings. Data from Maine Department of Marine
Resources.

While anthropogenic influence has bolstered the importance of this fishery, continued
anthropogenic influence may be a double-edged sword for lobster in the GoM. Coastal
communities have shifted fishing practices away from multiple species, and more towards a
virtual monoculture of lobster, threatening the security of these communities should anything
happen to this one marine resource (Steneck, 2006; Steneck et al., 2011). This concern is
growing as recent models suggest imminent declines in the short- and long-term trajectories of
landings due to climate change, and how these projections align with landings declines since
3

2016 (Le Bris et al., 2018; Oppenheim et al., 2019). The same warming that caused rapid
population expansion may now be causing population decline, as happened in southern New
England (Castro et al. 2006; Wahle et al., 2015). Nursery habitats are warming past their thermal
optima (Le Bris et al., 2018), adults are maturing at a smaller size (Waller et al., 2020) and
inhabiting deeper waters (Tanaka & Chen, 2016; Friedland et al., 2021), and larvae are hatching
earlier (Haarr et al., 2020) and have higher energetic demands (Waller et al., 2017). These
synergistic effects may be acting to change where, when, and how long lobsters remain at each
life stage, ultimately impacting survival and recruitment.
Lobsters, like many marine taxa, are shifting their distribution poleward to match the
changing availability of optimal thermal habitats (Pinsky et al., 2013). Tracking isotherms is a
necessary behavior to minimize thermal stress and optimize biological function (Crossin et al.,
1998). As waters continue to warm these behaviors manifest as a shift offshore into deeper,
cooler habitats (Pinsky et al., 2013; Tanaka & Chen, 2016). Although distributional shifts aim to
counteract the effects of ocean warming, the ubiquitous warming of the GoM increases the
thermal exposure history of every lobster life stage (Rheuban et al., 2017; Kavanugh et al.,
2018). The distributional shifts in spawners combined with changing thermal exposure histories
have significant implications for larval dispersal and connectivity. Faster embryonic
development due to elevated thermal conditions may result in earlier onset of hatch (Perkins,
1972; Gendron & Ouellet, 2009; Haarr et al., 2020) and affect the currents and wind-driven
advection to which larvae are exposed (Xue et al., 2008). Differing currents affect the
development rate, survival, and dispersal of larvae (MacKenzie, 1988; Gerber et al., 2014) and
undoubtedly will affect spatiotemporal patterns of postlarval supply and settlement necessary for
the success of this fishery (Wahle & Incze, 1997; Quinn et al., 2017).
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1.3 Young-of-year Lobster Settlement
At the core of projected landings declines are patterns of reduced post-larval recruitment
and warming-induced reductions in recruitment potential (Wahle et al., 2009; Steneck & Wahle,
2013; Le Bris et al., 2018). The American Lobster Settlement Index (ALSI) has been indicating
widespread declines in settlement in the GoM since the mid- 2000s (Figure 1-2) despite increases
in spawning stock biomass and early larval stage abundance (Carloni et al., 2018). In southern
New England these declines have been attributed to increased disease prevalence and warming
of nursery habitats above the upper physiological thermal threshold for settling lobster (Wahle et
al., 2015). In the GoM, one potential explanation for declined benthic settlement is increased
larval mortality due to declines in optimal prey abundance, Calanus finmarchicus (Carloni et al.,
2018). However, not all measures of lobster early life stage abundance in the GoM are reporting
the same population trajectory. Despite the recruitment-derived predictions of declines in Maine
lobster, ongoing ventless trap surveys and inshore trawl surveys have failed to reveal
demographic declines of a similar magnitude to date (Figure 1-2; Sherman et al., 2015; ME
DMR, 2019). These contrasting measures of lobster population status and climate-related
impacts to lobster dynamics further challenge stock assessment relationships which have been
the cornerstone of lobster management for decades (Fogarty & Idoine, 1986; Fogarty &
Gendron, 2004; Steneck, 2006). At stake is whether the single most valuable fishery in North
America is on a trajectory of decline.

5

Figure 1-2. Differing survey indices of juvenile lobster abundance in the Gulf of Maine. Black
line: settlement density of young-of-year lobster from the American Lobster Settlement
Index (ALSI). Grey line: catch per trap haul of juvenile lobster (53-83 mm carapace
length: CL) from Maine Department of Marine Resources Ventless Trap Survey.

1.4 Dissertation structure
The GoM has been fundamentally altered by anthropogenic forcings for decades, and
offers an ideal study system to monitor response to change. Like many marine ecosystems, the
GoM has experienced successive targeting and exploitation of marine resources, or “fishing
down marine foodwebs” (sensu Pauly et al., 1998). Accompanied by over-exploitation have been
phase shifts in the marine environment favorable to the proliferation of several ecologically, and
economically important species (e.g., the green sea urchin and American lobster; Bourque et al.,
2008). In most cases the patterns of overexploitation led to catastrophic collapse of the fishery
6

and functional extinction of the target species (Estes et al., 1989; Harris & Tyrrell, 2001).
However, one fishery remains an outlier, the American lobster. Lobster is one of the only
fisheries in the world that has been harvested for centuries and currently has landings higher than
ever before (Steneck & Wahle, 2013). The anthropogenic forcings that decimated other fisheries
lead to a niche expansion for lobster through complex interactions between reduced demographic
bottlenecks and top-down controls (Wahle & Steneck, 1991; Steneck & Wahle, 2013). In
conjunction with ocean warming, lobster have been able to capitalize on the increasingly
favorable conditions for successful benthic recruitment within the GoM and rapidly proliferate
by virtue of stringent conservation measures of juveniles and reproductive active females
(Steneck & Wahle, 2013; Le Bris et al., 2018). Catalyzed by these changes, the fishing fleet
rapidly expanded and focused primarily on lobster, increasing this region’s perilous reliance on
this one fishery (Steneck et al., 2011). However, this fishery is at a unique milestone in its over
150-year recorded history and may be at a crucial ecological tipping point, threatening coastal
communities (Le Bris et al., 2018; Oppenheim et al., 2019).
Behind patterns of change are underlying mechanisms affected by anthropogenic forcings.
Lobster within the GoM is perhaps one of the best studied organisms in the world, and as such
extensive data exist from before the last decade’s elevated rate of ocean warming (Pershing et
al., 2015). Additionally, coastal Maine is perhaps the best area to highlight the interactions
between lobster and the environment due to its unique oceanographic differences, strong
latitudinal thermal gradient, and extensive availability of environmental data (Pettigrew et al.,
1998; Townsend et al., 2006). To this end, my dissertation research presents a comprehensive
look as to ‘How anthropogenic changes shaped the Gulf of Maine through the lens of the
American lobster.’ Specifically, my research aims to investigate three major questions; 1) What
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impact has there been by the expanded lobster fishery?, 2) What are the impacts of climate
change on larval lobster demography and recruitment dynamics?, and 3) What are the
implications for the future of this fishery? Answers to these questions will help evaluate the
broad anthropogenic impacts by and to the GoM lobster fishery in the present and future.
Chapter 2 will present the impacts by the GoM lobster fishery. Every type of fishing gear
that interacts with the benthos, to some extent, can damage essential habitat crucial to the
reproduction, development, and protection of marine species (Grabowski et al., 2014), and the
rapid expansion of the lobster fishing fleet may inadvertently impact the marine environment.
The Magnuson-Stevens Fishery Conservation and Management Act of 1996 (USA) mandates
that these habitats are to be protected, to a practical extent, from fishery related impacts, but the
extent of impact by the GoM lobster fishery is unknown. The climate-driven expansion of the
fishery could have changed the extent to which essential habitats are impacted and in order to
determine if the GoM lobster fishery is operating within the guidelines set forth by the
Magnuson-Stevens Act, a comprehensive evaluation of fishing gear impact and recovery
potential must be conducted. To do so I will utilize an existing model that links habitat
susceptibility and recovery to the area impacted by fishing gear: the Swept Area Seabed Impact
model (Grabowski et al., 2014). This modeling approach will estimate the benthic impact of the
GoM lobster fishery, evaluate the recovery potential of these habitats via continued gear
interactions, and identify areas where, if any, persistent impact exists.
Chapter 3 will present the phenological changes in lobster embryonic development, how
the patterns relate to ocean warming, and identify the causal mechanism(s) driving changes.
Embryonic development occurs when temperatures exceed 4 °C and onset of hatch is initiated
when a lower developmental threshold is reached (Aiken & Waddy, 1986; Waddy and Aiken,
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1992, 1995; Goldstein & Watson, 2015). Ocean warming, therefore, has the potential to
significantly impact the distribution and survival of lobster larvae via faster development, altered
dispersal patterns, and phenology to food availability leading to year class success or failure
(Durant et al., 2007; Gerber et al., 2014). Egg development stage data provide the opportunity to
identify the phenology of hatch behavior and oceanographic data can be used to relate these
patterns to abiotic variables (Incze et al., 2010). Using the relationships between hatch phenology
and seafloor temperature, the onset of hatch can be approximated, and we can use generalized
additive models to attribute the effects of changing ocean conditions (Tanaka & Chen, 2016).
Chapters 4 & 5 will present the demographic bottlenecks to benthic settlement of
postlarval lobster and how these processes interact with ocean warming. Recruitable benthic
habitats for postlarval lobster occur between 12-20 °C (Annis, 2005; Castro et al., 2012), and the
availability of these habitats may affect the spatial distribution of new recruits (Steneck &
Wahle, 2013). As recruitable habitats warm there may be a higher potential for postlarvae to seek
refuge in deeper nursery habitats and mitigate the declines observed in shallow nurseries
(Steneck, 2006; Steneck & Wahle, 2013), but the extent to which these habitats can be used
remains unknown. Using passive larval collectors, rates of settlement will be compared across
the coastal GoM to determine the capacity to utilize deep nursery habitats along two
oceanographic regions with varying thermogeographic properties (Pettigrew et al., 1998;
Townsend et al., 2006). These rates of habitat utilization will be used to investigate how the
availability of thermally suitable nursery habitat varies over space, time, and relates to nearshore
patterns of settlement density. Settlement patterns will be extrapolated over the area of thermally
suitable habitats and compared against the traditional young-of-year time series to determine
what, if any, effect settlement dilution may have on lobster year class strength.

9

Changing ocean conditions have already shifted the distribution, altered the demography,
and magnified the fishery of lobster within the GoM. Despite these changes being generally
positive to lobster and its fishery, anthropogenic impacts may be degrading benthic
environments, shifting spawner and nursery habitats, changing coastal connectivity and
distribution of lobster larvae, and shaping the trajectory of this fishery. In recent decades, several
models were developed and are employed in the management of the lobster fishery, but
extensive warming over the past decade calls into question if the relationships within these
models are still valid. What is needed is to recalibrate boundary conditions that may change
traditional assumptions resulting from anthropogenic effects. Through these analyses, my
dissertation will evaluate if the lobster fishery is in compliance with the Magnuson-Stevens
Fishery Conservation and Management Act, provide biological reference points for juvenile
lobster abundance, and produce necessary inputs to various ecosystem models that simulate
population connectivity and landings forecasts. These tools will be useful to protection of the
environment and assessment of U.S. lobster stocks.
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CHAPTER 2 - BENTHIC IMPACT OF THE GULF OF MAINE LOBSTER FISHERY
2.1 Abstract
The Magnuson-Stevens Fishery Conservation and Management Act mandates U.S.
fisheries minimize adverse effects of fishing on essential fish habitat (EFH). The GoM American
lobster fishery is the most valuable U.S. fishery and can deploy more than three million traps
annually. To date, the impact of this fishery on benthic EFH has not been addressed
quantitatively. To evaluate the impact of the GoM lobster fishery on EFH, lobster fishing effort
was incorporated into a model linking habitat susceptibility and recovery to area impacted by
fishing gear; the Swept Area Seabed Impact model. Impact to EFH was localized along the coast
and highest along mid-coast Maine. Upwards of 13% of the benthos is in the process of recovery,
but between 99.92 – 99.96% of initially affected habitat fully recovers. These estimates suggest
that lobster fishing negligibly contributes to accumulation of EFH damage in the GoM due to the
expansive area fished and the small footprint of each trap. Identifying areas of persistent impact
is crucial in developing effective fisheries management for critical marine habitats.

2.2 Introduction
The GoM lobster fishery is the most valuable fishery in the United States (MDMR 2019a,
NMFS 2019). Over the past three decades, the annual lobster landings in the GoM have rapidly
increased, effectively multiplying historical landings five-fold (NMFS 2015a). Lobster
population expansion has been attributed to relaxed top-down pressure (Jackson et al. 2001;
McMahan et al. 2013; Wahle et al. 2013), herring bait subsidization (Saila et al. 2002;
Grabowski et al. 2010), increased algal habitat for juveniles due to reductions in urchin
populations (Bologna and Steneck 1993, Steneck et al 2004), and ocean warming shifting this
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species’ range northward (Pinsky et al. 2013) and offshore (Tanaka and Chen, 2016; Mazur et al.
2020) due to increased habitat thermal suitability (LeBris et al. 2018; Goode et al. 2019).
Alongside population increase, advancements in fishing technology (i.e., vessels and traps;
ASMFC 1996) has increased fishing effort and gear abundance in the GoM (Steneck et al. 2017).
However, increases in fishing activity may come with unintended consequences. Every type of
fishing gear that interacts with the benthos, to some extent, can damage essential fish habitat
(EFH) crucial to the reproduction, development, and protection of fish species (Grieve et al.
2014; Grieve et al. 2015). Impacts to EFH by fishing gear range from changes to sediment
habitats as well as the damage and/or loss of emergent epiflora (Bridger 1972; Peterson et al.
1983; Currie and Parry 1996; Watling and Norse 1998; Watling et al. 2001). Such impacts by
fishing gear can also greatly reduce benthic structural diversity and alter population productivity
(Dayton et al. 1995; Watling and Norse 1998). Therefore, the increase in fishing effort by the
GoM lobster fishery may be inadvertently increasing degradation of EFH.
The Magnuson-Stevens Fishery Conservation and Management Act 1996 (USA)
mandates that EFH be protected, to the extent practicable, from fishing related impacts. The
large spatial footprint and potential impact of the GoM lobster fishery necessitates a more
comprehensive understanding of how the frequency and intensity of lobster fishing effort affects
EFH in the GoM. To assess this impact, a quantitative framework examining habitat-gear
interactions is necessary.
The Swept Area Seabed Impact (SASI) model is a method by which we can estimate the
potential impact of fishing gear on the EFH of the benthos (NEFMC 2011; Grabowski et al.
2014). The SASI model was developed to assess the benthic impacts of the most common
bottom fishing gears in New England (e.g., otter trawls, scallop dredges, hydraulic clam dredges,
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gillnets, longlines, and lobster traps). Briefly, the SASI model determines what percentage of the
fishing gear’s footprint functionally reduces the biological and/or geological EFH features of the
benthos based on gear abundance, fishing frequency, and substrate classification. This modeling
approach can help identify regions of high impact by fishing gear and, importantly, the degree to
which these habitats are able to recover.
Here, we estimate the potential functional reduction of biological and geological EFH
features by the GoM lobster fishery using the SASI model. Specifically, we simulate two
different effort scenarios which represent the maximum and minimum potential impacts of the
GoM lobster fishery on EFH. We also estimate the recovery potential of functionally reduced
EFH and the accumulation of functionally reduced EFH over time. This application of the SASI
model aims to quantify temporal dynamics and spatial variability in the functional reduction of
EFH within the GoM and identify regions where persistent impacts occur. Delineating such
locations will help fisheries management target their attention and/or develop actions that better
protect regions that are more prone to damage.

2.3 Methods
2.3.1 The Gulf of Maine lobster fishery
The American lobster in the United States’ is regulated by both state and federal lobster
management areas. Lobster fishing grounds are subdivided into seven federally regulated
management areas that range from Cape Hatteras, North Carolina to the Maine-Canada border.
The coastal GoM is federal nearshore management area 1 and is the domain over which we are
conducting our study. This management region is further subdivided into state-level fishing
management areas; Maine zones A-G, New Hampshire, and northern Massachusetts (Fig. 2-1).
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Across these zones, and distance from shore, lobster fishing regulations and practices vary
significantly (McCarron and Tetreault, 2012; NMFS 2015a).

Figure 2-1. Geographical boundaries of the Gulf of Maine used in our application of the Swept
Area Seabed Impact (SASI) model. Letters denote lobster management zones. Map was
created in Matlab using M_Map base layers. Boundary data were sourced from the
NOAA Data Discovery Portal (NOAA, 2019). The geographic limits represent distance
from shore in nautical miles; 1 n.mi. = 1.852 km.
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2.3.2 The Swept Area Seabed Impact (SASI) Model
Developed by the New England Fishery Management Council’s Habitat Plan
Development Team, the SASI model is a quantitative framework designed to assess the
vulnerability of EFH to six of the most commonly fished bottom-tending gears in New England;
trawls, scallop dredges, gillnets, longlines, traps, and hydraulic clam dredges (NEFMC 2011;
Grabowski et al. 2014). This SASI team convened an expert panel of scientists, conducted an
extensive literature review, and developed a framework to combine peer-reviewed habitatspecific susceptibility and recovery rates into a single quantitative assessment of fishing gear
impacts to benthic EFH. Marine substrates were subdivided into five categories based upon
substrate data availability and usefulness in regional resource and fisheries management; mud,
sand, granule-pebble, cobble, and boulder (Table 2-1). Predominant biological and geological
EFH features were identified and assigned to each substrate type (Appendix 2-1). Biological
EFH features necessitated a greater depth of analysis. Commonly found marine species were
assigned to various biological feature functional groups, and the relative importance of these
species to each functional group was determined. A vulnerability assessment was developed to
organize and generate quantitative estimates of susceptibility and recovery values for each
biological and geological EFH feature group (Appendix 2-2, 2-3). Results from this assessment
were combined to estimate substrate-specific susceptibility and recovery scores to then be
utilized in estimating fishing gear-specific impacts to benthic EFH. Further information on the
literature review and evidence considered can be found in NEFMC (2011) and Grabowski et al.
(2014).
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Table 2-1. Sediment class identification and corresponding susceptibility and recovery values
using the Swept Area Seabed Impact (SASI) model.

2.3.3 Applying SASI to the Lobster Fishery
Four parameters are required to evaluate potential habitat impact using the SASI model:
(1) fishing gear abundance (number of traps), (2) fishing frequency (deployments day-1), (3)
seabed substrate composition and distribution, and (4) susceptibility of each substrate type to
damage by fishing gear (% area functionally reduced).

2.3.4 Fishing Gear Abundance
The GoM American lobster fishery is not subject to mandatory vessel trip reports or
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vessel monitoring systems, which are typical methods of gathering fishing effort data. In lieu of
this, determination of high-resolution fishing effort data has been the topic of research from a
multitude of organizations. Fishing effort has been estimated by the Island Institute Mapping
Working Waters project (The Island Institute 2012, 2016), the State of Maine Department of
Marine Resources (MDMR) Lobster Sea Sampling Program (MDMR, 2016), the Maine
Lobsterman’s Association dasymetric mapping effort (Brehme et al. 2015), and the National
Marine Fisheries Service (NMFS) Vertical Line Model (NMFS, 2014). We chose to use the
NMFS Vertical Line Model in our analysis based on the utilization of federal- and state-level
fishing activity data, monthly varying endline estimates, and consistent spatial resolution of
gridded endline estimates.
Fishing effort was characterized by the number of vertical lines per 10x10 arcmin area
from the Vertical Line Model. The number of vertical lines was assumed to be homogeneously
distributed within each 10 x10 arcmin area. Each 10 x10 arcmin area was subdivided into four 5
x 5 arcmin areas to better characterize distance from shore and management zone. We used the
lobster gear report summary from McCarron and Tetreault (2012) to allocate the number of traps
fished per endline, and to vary the number of traps per endline as a function of lobster
management zone and distance from shore.
We estimated two effort scenarios to capture the potential bounds in lobster fishing effort.
The Atlantic Large Whale Take Reduction Plan management area requirements (NMFS 2015a)
were used to assign maximum and minimum trap per trawl limits based on distance from shore.
Applying these trap per trawl limits to the Vertical Line Model, variations in lobster gear
configuration and fishing practices, and fishery regulations (Table 2-2), we estimated the
maximum and minimum number of traps fished within the GoM.
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Table 2-2. Model assumption of zones in the Gulf of Maine.

2.3.5 Fishing Frequency
The Maine Lobstermen’s Association conducted a survey from northern Maine to
Massachusetts to identify how lobster fishing practices vary along the coast, distance from shore,
and throughout the year (McCarron and Tetreault, 2012). Although fishing practices vary at the
individual level, the survey aimed to determine the most common gear configurations adopted by
lobstermen and the timeframes over which most fishing occurs. The survey identified how
frequently fishermen haul their traps, how this frequency changes during the year, and
differences in these patterns among fishing zones. We used the values and timeframes identified
from this survey to calculate the number of gear hauls by the GoM lobster fishery.

2.3.6 Seabed Substrate Composition and Distribution
We gathered seabed sediment classification data from the United States Geological
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Survey (USGS) East Coast Sediment Texture Database (McMullen et al. 2014). This database
characterizes sediments as one of fourteen potential classifications (Table 2-1) and has been used
to investigate lobster habitat suitability (Tanaka and Chen 2016) and macrobenthos variability
(McHenry et al. 2017). However, the SASI model simplifies marine substrates into five
categories; mud, sand, granule-pebble, cobble, and boulder (NEFMC 2011; Grabowski et al.
2014). To convert the substrate classification scheme from the USGS to that used by the SASI
model, we consolidated substrate class based on similarity in Shepard classification and
Wentworth scale (e.g., sand dominated sand-silt-clay mixtures were categorized as sand
according to the SASI model; Appendix 2-4; Wentworth, 1922; Shepard, 1954; Schlee and
Webster, 1967; Poppe et al., 2004). Sediment classification was linearly interpolated over a 0.5arcmin resolution grid. The relative percentage of each substrate type per 5 x 5 arcmin area was
determined using the interpolated sediment classification grid. One-way ANOVA and TukeyKramer post-hoc tests were performed to identify significant differences in rocky substrate cover
by lobster management zone. The variance of substrate percent cover was determined and
standardized by the maximum possible variance using the USGS and SASI sediment
classifications. Standardized variance values closer to one represent a more homogenous
substrate distribution while values closer to zero represent a more heterogeneous substrate
distribution per 5x5 arcmin area. We used a Wilcoxon signed rank non-parametric test to identify
if the downscaling of sediment classification significantly changed the spatial complexity of
substrate classification.

2.3.7 Substrate susceptibility to damage
The SASI model vulnerability assessment estimated the susceptibility of EFH to damage by
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fishing gear interactions (NEFMC 2011; Grabowski et al. 2014). Susceptibility was defined as
the percent reduction in functional value that any feature provides to a fish species (e.g. an EFH
feature with a S score of 100% would have no functional value after being disturbed by fishing
gear). Susceptibility scores are estimates of the reduction in functional value of substrateassociated EFH features after a single-pass fishing event. The size, fragility, and relative
abundance of geological features and species present were considered when assigning
susceptibility scores per substrate. Susceptibility scores were typically highest for more invasive,
mobile gears compared to fixed gears (NEFMC 2011; Grabowski et al. 2014). Traps have
susceptibility scores ranging from 5.3% to 17.5% depending on substrate and type of EFH
feature (Table 2-1; NEFMC 2011; Grabowski et al. 2014).

2.3.8 Evaluating area of impact
Using fishing gear abundance and fishing frequency, we estimated the area of the seabed
that is swept by lobster fishing gear. The area of the seabed swept by lobster fishing gear is
influenced by the number of traps, trap size, length of groundline between traps, and how far the
gear is dragged along the seabed (Fig. 2-2). Since dragging can substantially increase the area of
the seabed interacted by lobster fishing gear, we assumed that the entire area of the seabed
between the first and last trap on a lobster trawl is impacted during a hauling event (Fig. 2-2;
Schweitzer et al., 2018; Stevens, 2020). This approach produces comparable estimates of
interacted benthos to other studies (Schweitzer et al., 2018; Stevens, 2020). We calculated the
area of the seabed swept by lobster fishing gear (ASC; m2) at each location (i) and month (m) as:
𝑛𝑖,𝑚

𝑛𝑖,𝑚 −1

𝐴𝑆𝐶𝑡𝑟𝑎𝑝,𝑖,𝑚 = [∑[𝑑𝑡𝑛 ⋅ 𝑙𝑡𝑛 ] + ∑ [𝑑𝑔𝑛 ⋅ 𝑙𝑔𝑛 ]] ⋅ 𝑓𝑖,𝑚
1

1
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where ni,m is the number of traps, ni,m-1 is the number of groundlines between traps, dtn is the
lateral distance the nth trap moves over the seabed, ltn is the length of the nth trap, dgn is the
lateral distance of the nth groundline that moves over the seabed, lgn is the length of the nth
groundline, and fi,m is the haul frequency of the fishing gear (NEFMC, 2011). Consistent with
NEFMC report (2011), we assumed that lobster trap length and the side-to-side dragging of traps
were both one meter. Given the low probability that fishing gear falls on, and functionally
damages, the same exact area of the benthos multiple times, we assumed that every fishing event
interacts with a new area of the benthos. Since the SASI model considers repeated interactions
on an EFH feature to not increase the area or degree of impact, this assumption likely produced
an overestimate of the area functionally damaged by fishing gear.
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Figure 2-2. Visual representation of variables used to determine the area swept clear by lobster
trap trawls. The grey area is the total area swept clear.

We then applied the seabed substrate composition and corresponding susceptibility scores
to determine the area of the seabed functionally damaged. We calculated the area of the seabed
functionally damaged by actively fished gear (A; m2) at each 5x5 arcmin location (i) per month
(m) as:
ℎ=5

𝐴𝑖,𝑚 = ∑[𝐴𝑆𝐶𝑖,𝑚 ⋅ 𝑃ℎ,𝑖 ⋅ 𝑆ℎ,𝑖 ]
1
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where h is the habitat substrate type, Ph,i is the proportion of the 5x5 arcmin area of each
substrate type, and Sh,i is the susceptibility of the benthos to functional reduction.

2.3.9 Recovery Assessments
We conducted two recovery potential assessments of functionally damaged EFH. The first
assessment determined how much of the area functionally damaged in a year can fully recover.
Full recovery occurs when the initially damaged area of the seafloor remains undisturbed by
fishing activity long enough to recover its functional contribution as EFH (Table 2-1). To
calculate this, we simulated the random overlap of continued fishing gear on already damaged
habitats. The proportion of fishing overlap at each location (Poverlap, i) was the amount of initially
damaged EFH that remains damaged via repeated interactions with fishing gear, and was
calculated as:
ℎ=5

𝐴𝑎𝑛𝑛𝑢𝑎𝑙,𝑖,ℎ ⋅ 𝐴𝑚𝑜𝑛𝑡ℎ,𝑖,ℎ ⋅ 𝑇ℎ
𝑃𝑜𝑣𝑒𝑟𝑙𝑎𝑝,𝑖 = ∑ [
]
𝐵𝑖2
1

where h is the habitat substrate type, Aannual,i,h is the annual area of EFH functionally reduced,
Amonth,i,h is the monthly average area of EFH functionally reduced, Th is the time of recovery in
months, and Bi is the available bottom area.
The second recovery assessment estimated the accumulation of EFH damage over time.
Benthic community status following impact by fishing gear exists at an equilibrium state
between depletion rate and recovery (Jennings et al. 2012; Pitcher et al. 2017). This theoretical
framework can be extrapolated to fishing gear impacts over large spatial scales. Like benthic
communities, the status of EFH is a balance between additional impact and rate of recovery
(NEFMC 2011). Equilibrium occurs where added fishing impact balances the rate of habitat
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recovery, and the area of impacted benthos at which this occurs can be estimated. The
accumulated area (A) of the seabed functionally damaged at each location (i) over time was
calculated as follows:
𝐴𝑡+1,𝑖 = 𝐴𝑡,𝑖 + 𝐴𝑚𝑜𝑛𝑡ℎ,𝑖 − 𝐴𝑡,𝑖 ⋅

1
𝑇𝑖

where t is time in months, Amonth,i is the monthly average area of EFH functionally reduced, and
Ti is the time of recovery in months. If we ignore the first two terms and set monthly added
damage equal to the rate of recovery;
𝐴𝑚𝑜𝑛𝑡ℎ,𝑖 = 𝐴𝑡,𝑖 ⋅

1
𝑇𝑖

We can then solve for the area at which this balance occurs. We estimated the cumulative area of
the seabed that is functionally reduced as:
𝐴𝑡,𝑖 = 𝐴𝑚𝑜𝑛𝑡ℎ,𝑖 ⋅ 𝑇𝑖
This procedure was conducted for each location (i) accounting for variability in substrate (h)
recovery times:
ℎ=5

𝐴𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒,𝑖 = ∑

(𝐴𝑖,𝑚𝑜𝑛𝑡ℎ,ℎ ⋅ 𝑇ℎ )

1

For both recovery assessments, we increased the time required for EFH to recover as depth
increased. Baseline recovery rates were assigned to each EFH and substrate type (Table 2-1), and
we increased the time of recovery by one standard error with each additional 50 m of depth, as
suggested in Grabowski et al. (2014; Appendix 2-5).

2.3.10 Data Analysis and Visualization
The areas of EFH functional reduction were collated by distance from shore. Then we
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used a three-way ANOVA and Tukey-Kramer post-hoc test to determine differences in EFH
damage as a function of distance from shore, between annual and cumulative damage, and
between geological and biological EFH features. The annual area of EFH functional reduction
was averaged over each lobster management zone and one-way ANOVAs and Tukey-Kramer
post-hoc tests determined which zones experienced higher or lower areas of EFH damage. Ttests assuming unequal variances were conducted to determine if there were differences in the
annual area of biological or geological EFH functional reduction and if there were differences in
the remaining area of biological or geological EFH functionally reduced after recovery. All maps
were generated using Matlab® version R2020a and the M_Map mapping software (Pawlowicz
2020).

2.4 Results
Benthic habitat characterizations were consolidated before being used in the SASI model
within the GoM. Of the areas in which fishing effort data were available, we associated 613 5 5
arcmin areas with a SASI sediment type (Fig. 2-1). Downscaling sediment classification from the
USGS to SASI classification scheme retained large-scale patterns of substrate distribution (Fig.
2-3 A and B). For example, both classifications show that the percent cover of rocky substrate
differed significantly by zone; F 8,533 = 10.6, p < 0.001 (Fig. 2-3 C). Zones A, F, G, and NH had
the highest percent cover of rocky substrate, while zones B, C, D, and MA had the lowest.
Despite retaining large-scale patterns of substrate distribution, the consolidation of sediment
classification significantly changed the substrate complexity per 5x5 arcmin area. Standardized
SASI substrate variance (mean + SE = 0.43 + 0.01) was significantly higher than the USGS
classification scheme (mean + SE = 0.26 + 0.01; n = 1120, Z = -20.3, p < 0.0001; Fig. 2-3 D).
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Thus, converting USGS sediment classifications to the SASI model shifts sediment complexity
to be more homogeneous, a necessary simplification by the SASI model to relate substrate type
to benthic community structure.

Figure 2-3. Sediment classification of the Gulf of Maine. (a) Sediment classification using the
USGS East Coast Sediment Texture Database. (b) Sediment classification using the SASI
mode. (c) Zonal distribution of rocky substrate cover. Values are mean and standard
error. Letters denote statistical similarity at the p > 0.05 level. (d) Normalized substrate
variance per 5x5 arcmin area between substrate classification schemes. Values are mean
and standard error. 1 = homogeneous, 0 = heterogeneous. Asterisks (****) denote a
significant difference at the p < 0.0001 level. Map was created in Matlab using M_Map
base layers. Sediment data were sourced from USGS (McMullen et al., 2014).
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The Vertical Line Model estimate of lobster fishing effort is consistent with previous
approaches (McCarron and Tetreault 2012) and produced total trap estimates comparable to the
number of traps legally allowed to fish (MDMR 2019b). Highest fishing effort occurred along
mid-coast and northern Maine (Appendix 2-6). Fishing activity gradually increased from January
to the beginning of May-June, and gradually decreased beginning in September ending around
December-January (Appendix 2-6, 2-7), consistent with Boenish and Chen (2018). This
seasonality was also present in our estimates of total traps fished in the GoM, where the
maximum number of traps fished occurred in August and the minimum number of traps fished
occurred in March (Fig. 2-4). Using the two fishing effort scenarios, we estimated the seasonal
minimum and maximum number of traps fished. We estimated the lowest number of traps fished
during the year as 0.24 and 0.59 million traps, and the highest number fished as 1.15 and 2.77
million traps, minimum and maximum trap per endline scenario, respectively (Fig. 2-4). The
maximum trap per endline scenario of 2.77 million traps is comparable to the estimates of lobster
traps fished by Auster and Langton (1998) and the average annual number of trap tags sold by
the MDMR from 1998-2018 of 2.94 million tags (MDMR, 2019). Therefore, we present the
results of our analysis using the maximum trap per endline scenario.
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Figure 2-4. Estimated traps fished in the Gulf of Maine. Black circles are the maximum trap per
endline scenario. Grey squares are the minimum trap per endline scenario.

Annual EFH functional reduction was unevenly distributed between lobster management
zones and largely reflected the distribution of fishing gear. Specifically, annual EFH functional
reduction ranged from 0.01 to 5.74% per 5x5 arcmin area and was significantly higher for
biological features (mean + S.E. = 1.17 + 0.03%) than geological features (mean + S.E. = 0.94 +
0.03%) (Fig. 5; t 1038 = 5.63, p < 0.0001). This significant difference was driven by higher
susceptibility scores for biological compared to geological habitat features (Table 2-1). The
majority of biological EFH impacts occurred between 0-3 nm from shore (Appendix 2-8; F 11,2336
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= 111.8, p < 0.0001) and in lobster management zones NH, F, E, D, A, and C, highest to lowest
impact, respectively (Fig. 2-5; F 8,557 = 7.63, p < 0.0001). Similarly, impacts to geological EFH
features were greatest between 0-3 nm (Appendix 2-8; F 11,2336 = 111.8, p < 0.0001) and in
lobster management zones D, E, F, NH, C, and MA, highest to lowest impact, respectively (Fig.
2-5; F 8,557 = 8.19, p < 0.0001).

Figure 2-5. Annual area (%) of functionally reduced essential fish habitat (EFH) in the Gulf of
Maine. Inset: Zonal distribution of annual EFH functional reduction. Values are mean
and standard error. Letters denote statistical similarity at the p > 0.05 level. Map was
created in Matlab using M_Map base layers.

The recovery potential of functionally reduced EFH varied significantly by type of EFH
feature. After the necessary time to recover, we estimated the area that remained functionally
reduced via continued gear interaction. These areas ranged between 0 to 15,670 m2 or 0 to
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0.025% of each 5x5 arcmin area. Significantly more biological EFH features (mean + S.E. = 559
+ 47 m2, 0.00096 + 0.00001%) remained functionally reduced compared to geological features
(mean + S.E. = 222 + 19 m2, 0.00036 + 0.00003%; Fig. 2-6; t 808 = 7.43, p < 0.0001). These
areas of continued impact correspond to approximately 0.08 and 0.04% of the initial area
functionally reduced, biological and geological EFH features respectively. Thus, approximately
99.92 and 99.96% of the functionally reduced biological and geological EFH, respectively, fully
recover within their assigned period of recovery.

Figure 2-6. Recovery potential of initially functionally reduced essential fish habitat, indicating
the area (m2 and %) that remains functionally reduced per 5x5 arcmin area via continued
gear interaction. Asterisks (****) denote a significant difference at the p < 0.0001 level.
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While patterns in accumulated functional reduction of EFH over time was similar to
annual functional reduction across zones, we did observe a significant shift in accumulated
functional reduction offshore. Offshore habitats were more susceptible to accumulating
functionally reduced EFH because the model attributes longer recovery times to deeper, offshore
habitats. Recovery times of less than a year allow recovery to outpace additional impact and
result in a cumulative area of EFH functional reduction that is less than the area reduced annually
(Fig. 2-7). Conversely, recovery times greater than a year allow additional disturbances to
outpace recovery such that the cumulative area of EFH functional reduction becomes greater
than the area reduced annually (Fig. 2-7). Longer recovery times correspond to larger areas of
cumulative EFH functional reduction and longer periods until added damage balances recovery.
Thus, cumulative functional reduction to EFH was higher offshore compared to annual values
(Appendix 2-8, F 11,2336 = 118.8, p < 0.0001). However, the geological and biological habitat
features are differentially affected. There was a larger percentage increase in the area of
functional reduction for biological (mean + S.E. = 1.51 + 0.03%) than geological features (mean
+ S.E. = 0.38 + 0.06%; t 824 = 17.2, p < 0.0001; Appendix 2-8). Cumulative EFH functional
reduction ranged from 0 to 12.8% per 5x5 arcmin area and was significantly higher for biological
(mean + S.E. = 2.73 + 0.07%) than geological features (mean + S.E. = 1.07 + 0.04%; Fig. 8; t 995
= 21.0, p < 0.0001). Biological features were functionally reduced the greatest in lobster
management zones F, E, NH, and A, highest to lowest respectively (Fig. 8; F 8,557 = 14.7, p <
0.0001). Similarly, geological features were functionally reduced the greatest in lobster
management zones F, E, and NH (Fig. 8; F 8,557 = 12.7, p < 0.0001).
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Figure 2-7. Example of accumulation of essential fish area (%) functionally reduced on
substrates with varying recovery times.
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Figure 2-8. Cumulative area (%) of functionally reduced essential fish habitat (EFH). Inset:
Zonal distribution of EFH functional reduction. Values are mean and standard error.
Letters denote statistical similarity at the p > 0.05 level. Map was created in Matlab using
M_Map base layers.

2.5 Discussion
The Magnuson-Stevens Fishery Conservation and Management Act established that
essential fish habitats be protected, to the extent practicable, from fishing-related impacts. The
GoM has supported some of the most iconic and valuable fisheries in North America. One such
example is the American lobster fishery, which is currently the most valuable single-species
fishery in the United States (MDMR 2019a, NMFS 2019) with some nearly three million traps
fished annually (MDMR 2019b). To evaluate the impact of the GoM lobster fishery on benthic
EFH, we used a quantitative framework that relates habitat-specific impacts from fishing gear on
EFH, the Swept Area Seabed Impact model (NEFMC 2011; Grabowski et al. 2014).
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All fishing gear can impact habitat; however, our results demonstrate that EFH features
impacted by the GoM lobster fishery are capable of near full recovery. The capacity of EFH to
recover is linked to variation in substrate-specific susceptibility and recovery scores in the SASI
model. Biological EFH features are impacted to a greater extent due to their higher susceptibility
and longer recovery times for the more abundant substrate types within the GoM (Table 2-1; Fig.
2-3; NEFMC 2011; Grabowski et al. 2014). Longer recovery times in deeper habitats (Appendix
2-2), increase the areas offshore in the process of recovery (Fig. 2-8; Appendix 2-8). However,
the relatively large area fished dilutes the functional reduction of EFH annually and reduces the
probability of multiple gear deployments on the same EFH features. The low probability of
repeated gear interactions and low susceptibility of EFH to damage by lobster traps (NEFMC
2011; Grabowski et al. 2014; Grieve et al. 2014) result in > 99.9% functional recovery of EFH
features (Fig. 2-6).
Our estimates of fishing effort by the GoM lobster fishery conform well to other gear
abundance metrics. Our maximum traps per endline scenario yielded an estimated 2.77 million
traps fished, a value comparable to the estimates of traps fished by Auster and Langton (1998)
and the average number of trap tags sold by the MDMR from 1998-2018, 2.94 million tags
(MDMR 2019b). Since it is difficult to determine what percentage of trap tags sold are fished,
we cannot reliably determine the accuracy of our estimates to the actual number of traps fished.
Nevertheless, our maximum trap per endline scenario produced estimates comparable to the only
verifiable metric of lobster traps in the GoM, which also presents an upper limit to the possible
number of traps fished.
Ongoing changes in the distribution of fishing effort may cause varying degrees of
benthic disturbance that shift over time and affect the total amount of EFH that is damaged. For
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example, lobster fishing effort has tracked abundance shifts northeastward (Steneck and Wilson
2001; Kleisner et al. 2017), attributable to rapid warming (Pershing et al. 2015; Friedland et al.
2020) and increased habitat suitability (Tanaka and Chen 2016; Le Bris et al. 2018; Goode et al.
2019; Mazur et al. 2020). Additionally, limited entry to the GoM lobster fishery has shifted the
age of license holders to 50-65 years old (Stoll et al. 2016; Stoll 2017), few younger potential
lobster fishers are replacing those that exit the fishery (Appendix 2-9), and state requirements for
number of licenses sold per existing licenses retired (MDMR 2020) are reducing the number of
fishers and total fishing effort (MDMR 2019b). Declines in young-of-year lobster suggest
uncertainty in future landings (Le Bris et al. 2018; Oppenheim et al. 2019), potentially affecting
the size and distribution of the GoM lobster fishery. As this fishery continues to adapt to
management regulation of the North Atlantic right whale (e.g., Record et al. 2019), a likely result
will be an increase in the minimum required number of traps per endline. Such a change would
increase the amount of groundline that interacts with benthic EFH in part because of the greater
distance over which longer trap trawls are dragged (Schweitzer et al. 2018; Stevens 2020), and
would change the areas in which these gear configurations can be fished. As this fishery
continues to change, so too will the areas impacted by fishing gear and their potential to recover.
Moreover, our application of the SASI model is flexible and could be used to evaluate how
various management alternatives affect fishing effort, behavior, and potential impact to EFH
over longer time scales.
The limited availability of high spatial and temporal resolution endline estimates of GoM
lobster fishing effort is perhaps the largest information bottleneck for more accurate future
projections of habitat impact (Boenish and Chen, 2018). For example, the relatively coarse
spatial resolution (10x10 arcmin) of the NMFS Vertical Line Model limits the extent to which
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we can identify localized areas of persistent fishing disturbance. Although we can effectively
compare effort across the GoM, smaller bedforms targeted by fishing cannot be distinguished.
Inability to characterize targeted fishing effort may under-estimate impact and overestimate
recovery potential on heavily impacted bedforms which are predicted to have lower biodiversity
(Sousa 1979; Sousa 1984) and lower resilience to community shifts (Holling 1973). Less
targeted bedforms, however, may have reduced impacts and have a higher probability of fully
recovering, possibly balancing out total estimates of impact. Implementation of common
monitoring practices (e.g., 100% vessel trip reporting or vessel monitoring systems) would
provide comprehensive, real-time estimates of fishing effort needed to address these issues.
Recovery time strongly influences the accumulation of damage and the recovery potential
of EFH, highlighting the importance of accurate evaluation of regional, substrate, and fishing
gear specific rates of recovery. Commensurate with other studies, the SASI model revealed that
EFH features are more susceptible to, and take longer to recover from, mobile fishing gears (e.g.
Auster and Langdon 1998; Kaiser et al. 2000). We demonstrated that substrates with even
moderate recovery times (~5 years) can take over 10 years to reach a balance between new
impacts and recovery (Fig. 2-7). Thus, even slight increases in recovery time can dramatically
increase the area of recovering EFH. For example, sensitive deep-sea corals and sponges can
take an estimated 20 and 30 years, respectively, to recover population biomass following damage
by trawling (Rooper et al. 2011). The SASI model’s ability to incorporate EFH features with
multi-decade recovery rates may potentially be limited by the availability of long-term recovery
studies (Grabowski et al. 2014). However, we contend that the recovery rates used by the SASI
model are well informed based on the relative species composition within our study domain.
Sensitive, long recovering deep-sea corals occur well outside Federal Lobster Management Area
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1, and the relative abundance of other sensitive fauna (e.g., corals and sponges) is relatively low
(Appendix 2-10; McHenry et al. 2017). The lower abundance and comparatively faster recovery
(e.g., Henry et al. 2003) of these faunae dampen their impact on overall recovery rates and the
sensitivity of our results to varying recovery times.
While SASI is a useful starting point to start quantitatively characterizing the complex
interactions between habitat and fishing gear, there are assumptions and generalizations that can
introduce limitations. The SASI model treats repeated gear encounters on EFH as independent
events that do not increase the magnitude of impact on EFH (NEFMC 2011; Grabowski et al.
2014). This assumption does not account for how initial disturbances could be more or less
impactful than subsequent impacts (e.g., Hall-Spencer and Moore 2000), how added damage to
EFH may further decrease biodiversity (e.g., Sousa 1984), or how persistent disturbances may
shift benthic assemblages to new stable states that provide less functional benefit to fish
(Lewontin 1969). The SASI model’s simplification of substrate complexity and biotic
assemblages underestimates the variability of the benthos and the distribution of EFH.
Simplification of substrate classification (Fig. 2-3) results from the fact that in situ studies rarely
investigate fishing gear-habitat interactions at the granularity of the USGS classification system.
Additionally, substrate characteristics alone can only partially explain benthic biodiversity of the
GoM (McHenry et al. 2017), despite the lower biodiversity compared to similar large marine
ecosystems (Witman et al. 2004). While incorporation of other potential abiotic drivers (e.g.
temperature, salinity, and current structure; McHenry et al. 2017) could increase the realism and
accuracy of the SASI model, the current assumptions are key to parameterizing the SASI model
in a complex marine environment.
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Indirect anthropogenic factors also alter the benthos, and determining their relative
impact is important when assessing the health of EFH. The macrobenthos community has
changed multiple times due to fishing impacts on keystone species and will continue to shift as
the ocean experiences climate change (Harris and Tyrrell 2001). For example, overfishing of
demersal groundfish relaxed top-down pressures on urchin populations which contributed to a
benthic regime shift from macroalgal communities to urchin barrens (Steneck et al. 2002). Not
long thereafter, targeted fishing on urchins resulted in a shift back towards macroalgal
communities comprised of more invasive alga and devoid of large-bodied fish predators (Steneck
et al. 2002). Each of these trophic cascades altered benthic communities without direct physical
manipulation and made a lasting impact thought to have helped bolster the GoM lobster fishery
(Steneck and Wahle 2013). Additionally, climate change continues to impact the health and
distribution of native and non-native species. Thermally mediated range expansion of invasive
and novel species (e.g., European green crab, Tepolt and Somero 2014; Asian shore crab,
Stephenson et al. 2009; black seabass, McMahan et al. 2019) is facilitating displacement of
native fauna via competition or direct predation (e.g., Race 1982; Brenchley and Carlton 1983;
Eastwood et al. 2007). Ocean acidification exacerbates thermal stress, and acts to decrease native
fauna resilience to change and disease (Lesser 2016; Harrington et al. 2020). So, while
evaluating direct impact by fisheries on EFH is important, we contend that fishery impact must
be contextualized in the scope of many processes affecting the environment.
While we have done our best to simulate lobster fishing effects on benthic habitats,
additional work needs to be conducted to evaluate impacts on EFH more holistically over the
coastal New England Shelf. We have, to the best of our ability, estimated the impact of lobster
fishing on benthic EFH in Federal Lobster Management Area 1. This area, despite being the
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primary source of US lobster landings (NMFS 2019), is only a fraction of the American lobster
fishery, and separate analyses would be necessary for other management areas. While our study
agrees with previous efforts that fixed gears have relatively low impacts, EFH is also impacted
by several other, more invasive, fisheries (NEFMC 2011; Grabowski et al. 2014). Thus, a
cumulative model including all fisheries is an important next step. Fishery co-occurrence would
almost certainly change the area of impact and recovery potential of EFH (e.g., NEFMC 2011).
However, the presence of fixed gears may act to preclude more damaging fishing activities (e.g.,
trawling) and protect regions with sensitive EFH (Kaiser et al. 2000). Conversely, fishers
typically avoid trawling in highly structured, more vulnerable habitats like cobble and boulder
bottom due to the risk of gear hang-ups that result in damage and loss of gear, whereas fixed
gears can be deployed across a wider range of bottom types. Understanding these multi-fishery
dynamics and relative impacts would provide a valuable tool to assess the vulnerability and
status of EFH. Lastly, while models play an important role in fisheries science, perhaps one of
their most important functions is to identify information gaps. Application of the SASI model to
the GoM lobster fishery has highlighted several needs in order to better characterize fishing gear
impacts, Our specific recommendations for improved model estimations include (1) higher
resolution fishing effort data, (2) ability to evaluate targeted bedforms, (3) the impact of multiple
gear disturbances on the same patch of bottom, (4) better characterization of benthic assemblages
and their association with abiotic factors (e.g. depth, substrate, salinity), and (5) the sensitivity of
our results to highly susceptible, long recovering species such as deep sea corals and emergent
sponges.
A relatively unknown aspect of North America’s largest fishery, the GoM lobster fishery,
is to what extent does fishing effort impact the EFH of the GoM (see NEFMC, 2011). We
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employed a quantitative framework that relates habitat-specific impacts from fishing gear on
EFH, the Swept Area Seabed Impact model, to estimate the area of EFH functionally reduced by
the GoM lobster fishery. Trap estimates were generated using current management regulations
and the most comprehensive estimates of lobster fishing effort in the GoM. Annual estimates of
functionally reduced EFH average less than 2% of the total available area while the accumulation
of functionally reduced EFH over time average less than 3%. We found that between 99.92–
99.96% of annually functionally reduced EFH features can fully recover despite 13% of some
areas being in the process of recovery. Our results suggest that the GoM lobster fishery has
minimal impacts to EFH features of the GoM. Our analysis was ultimately limited by the
granularity of the input data with respect to benthic geological and biological habitat type and the
spatial and temporal variability in effort. Nevertheless, we present a baseline impact analysis and
a flexible approach that will undoubtedly be improved as new information becomes available.
Our model also provides a valuable resource for management strategy evaluation. The flexibility
of our application of the SASI model has the potential to compare the impacts of various lobster
fishery management scenarios and evaluate the lasting impacts to EFH.
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CHAPTER 3 - CLIMATE INFLUENCE ON EGG HATCH PHENOLOGY
3.1 Abstract
Climate change is impacting the distribution of marine species and how key life stages
interact with their environment. Larval phases are some of the most critical periods during an
organism’s life history, and complex changes in the marine environment have lasting impacts on
larval development. Nowhere are those impacts greater than along the Northwest Atlantic
Continental Shelf (NACS) which has warmed faster than 99% of the world’s ocean in the 21st
century. The NACS supports North America’s most valuable marine species, the American
lobster (Homarus americanus Milne Edwards), and has one of the largest latitudinal thermal
gradients in the world, providing a natural laboratory to test ocean warming influences on larval
population dynamics. We examined how local oceanography, ocean warming, and
developmental thresholds interact to change hatch phenology of the American lobster. We
estimated a cumulative degree-day threshold to initiate hatching behavior, then Generalized
Additive Models were used to evaluate oceanographic features that influence the date at which
this thermal threshold is reached. Change in fall bottom temperature was the predominant driver
of egg hatch timing but warming past the lower thermal threshold (4 °C) for embryonic
development rapidly increased the importance of winter bottom temperature to changes in hatch
phenology. Seasonally-specific patterns of warming are shifting the hatch earlier and over a
shorter period, whereby a 1 °C increase results in a 47-day earlier hatch over a 16-day shorter
period. Combined with distributional shifts, these patterns have significant implications for larval
dispersal and connectivity in a changing NACS.
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3.2 Introduction
Dispersal potential of marine species is the result of a complex interplay between ocean
temperature, adult brooding behavior, and the environment into which larvae are released.
Temperature plays the greatest role in marine larval development, but the interactions between
larval development and advection greatly affect patterns of dispersal (Alvarez-Noriega et al.,
2020). Marine taxa are shifting distributions poleward and offshore to track local climate
velocities and minimize exposure to sub-optimal thermal conditions (Pinsky et al., 2013), shorter
developmental times due to elevated ocean temperatures are shifting larval release earlier in the
year, significantly altering the conditions to which larvae are exposed (Philippart et al., 2003;
Asch, 2015; Weigel et al., 2021), and changing ocean circulation patterns are affecting the
dispersal potential and coastal retention of larvae (van Gennip et al., 2017). These altered biophysical conditions have resulted in dispersal patterns that conflict with local climate velocities
and can result in juvenile settlement in suboptimal thermal environments (van Gennip et al.,
2017; Fuchs et al., 2020). Characterizing the adaptive capacity of organisms to these changes is
key to understanding the impacts of climate change on larval dispersal, survival and ultimately
recruitment. This characterization will require an in-depth look at each species’ key life-histories
and the processes driving change within its environment.
The Northwest Atlantic Continental Shelf is a temperate large marine ecosystem that has
supported some of the world’s most productive fisheries and is one of the fastest warming
ecosystems in all the world’s ocean (Alexander et al., 2009; Pershing et al., 2015; Saba et al.,
2016; MDMR 2021; NMFS, 2021). Climate change along this region has resulted in variable
trajectories of several commercial, endangered, and keystone species, significantly altering the
biological assemblage and trophic interactions within the system (Drinkwater, 2005; Nye et al.,
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2009; Pershing et al., 2015; Ji et al., 2017; Pace et al., 2017; Pershing et al., 2021). Complex
oceanographic features within this ecosystem generate some of the largest latitudinal gradients in
temperature across the world’s ocean, leading to complex interactions between the environment,
marine species, and climate change (Stephenson et al., 2009; Goode et al., 2019). As such, this
system provides a natural laboratory to examine the physiological changes and behavioral
adaptations of marine organisms to the effects of rising ocean temperatures.
We focus on the American lobster (Homarus americanus Milne Edwards) because of its
broad latitudinal range, breadth of research as one of the most studied marine crustaceans in the
world, status as North America’s most valuable single-species fishery ($US 1.67 billion in 2016;
DFO, 2021; NMFS, 2021), and variable population trajectory under climate change (Le Bris et
al., 2018). Lobster behavior and life histories are intimately connected with thermogeographic
patterns (Steneck and Wahle, 2013; Le Bris et al., 2018), and alterations to various life stages
have great potential to impact the success of this species under climate change. For example,
ocean warming is causing adult lobsters to mature at smaller sizes (Waller et al., 2019, Waller et
al., 2021) and inhabit deeper waters (Tanaka & Chen, 2016; Friedland et al., 2021) while larvae
are hatching earlier (Haarr et al., 2020) and developing more quickly (MacKenzie, 1988;
Harrington et al., 2019). These synergistic effects of climate change may affect the dispersal and
connectivity of lobster larvae and have a significant impact on the future of this iconic fishery.
Here, we examine the phenology of egg hatching of the American lobster, how they
relate to patterns of thermogeography, and identify the processes and mechanisms driving
change along the Northwest Atlantic Continental Shelf. Specifically, we examine the relationship
between hatching, and bottom temperatures and then use these relationships to predict when
hatch occurs across the region. We suggest that rapid warming of habitats above the thermal
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threshold for embryogenesis alters seasonal contributions to egg development, resulting in earlier
and shorter hatch behavior. Combined with distribution shifts of spawners, these patterns have
the potential to significantly impact the dispersal and connectivity of lobster larvae in a changing
ocean climate. Accurately predicting climate impacts to this species, therefore, requires a more
comprehensive understanding of several life-history stages, and their synergistic effects to
demography.

3.3 Methods
3.3.1 Study Region and Environmental Data
We investigated changes in lobster egg hatch phenology and how these patterns
correspond to local oceanographic processes and environmental change over the Northwest
Atlantic Continental Shelf. Temperature data were utilized from NOAA’s Northeast Coastal
Ocean Forecasting System (NECOFS), an implementation of the Finite volume Community
Ocean Model (Chen et al., 2006), and the Northeastern Regional Association of Coastal Ocean
Observing Systems (NERACOOS) buoy array. Daily temperature data were collected from the
NECOFS G3 grid from 1978 to 2016 and from NERACOOS buoys A01, B01, E01, F01, I01,
and M01 from 2002 to 2016.
Temperature data were used to determine seasonal patterns in thermogeography. NECOFSmodeled daily bottom temperatures were averaged over each season per grid node per year. We
defined five seasons in our analysis; winter as January-March, spring as April-June, summer as
July-September, fall as October-December, and the embryonic development period for lobster as
October-June. Least-squares regressions were used to determine the node-specific rate of
temperature change over the entire time series (1978-2016) and the most recently modeled
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decade (2007-2016). To validate modeled temperature data, we compared surface and bottom
temperatures between the NERACOOS buoys and their corresponding NECOFS model cells.
Least-squares linear regressions were performed between monthly averaged modeled and in situ
data. We compared monthly averaged values because we utilized seasonally averaged
temperature data for the long-term temperature regressions.

3.3.2 Egg Hatch Phenology
We used a suite of fisheries-dependent and fisheries-independent surveys from U.S. state
agencies. Fishery-independent data came from Rhode Island Department of Environmental
Management (2006-2018), Massachusetts Division of Marine Fisheries (2006 – 2018), and
Maine Department of Marine Resources (2006 – 2018) ventless trap surveys. These surveys
employ a stratified random design and have a sampling frequency of 1-3 trips per lobster
management zone per month (ASMFC, 2015). Fishery-dependent data were at sea lobster
sampling surveys from the Rhode Island Department of Environmental Management (20062018), Massachusetts Division of Marine Fisheries (2006-2018), and Maine Department of
Marine Resources (2001 – 2018). These surveys are non-random and have a sampling frequency
of 1-3 trips per lobster management zone per month (ASMFC, 2015). Additional information on
the surveys used can be found in ASMFC (2015).
Ventless trap and sea sampling surveys were used to identify the date of egg hatch and the
timeframe over which hatch occurs. Ventless trap and sea sampling surveys record the
development stage of eggs held by ovigerous females, although the exact stages vary by
management agency (ASMFC, 2015). Data were separated by NEFSC statistical area (Figure 31A) and the proportion of ovigerous females with hatching eggs was determined. Gaussian
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distributions were fit to these time series in the form of a probability density function (Roberts et
al., 2013);
𝑓(𝑥) =

1
𝜎√2𝜋

𝑥−𝜇 2
)
𝜎

𝑒 −0.5(

where f is the daily probability of egg hatching, x is the yearday, μ is the mean of the distribution,
and σ is the standard deviation of the distribution. The mean and the standard deviation of the
Gaussian distribution correspond to the date of maximum hatching and the timeframe over which
this hatching occurs, respectively. We approximated the start date of hatch as the mean minus
twice the standard deviation from the Gaussian distributions. This location on a Gaussian
distribution curve corresponds to when the second order derivative is equal to zero, indicating
when the slope is changing the fastest and likely when onset of hatch begins (Figure 3-1B). We
used unbalanced one-way analysis of variance (ANOVA) tests to determine differences in hatch
start date, peak hatch date, and hatch season length between NEFSC statistical areas. We
conducted two regression analyses to evaluate the phenological patterns of the hatch distributions
and their relation to thermal conditions. First, a least-squares linear regression was fit between
the mean and standard deviation of the Gaussian distributions. Second, bottom temperatures
during the egg development season (October - June) were used to fit a linear surface within the
95% CI of the above-described regression.
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Figure 3-1. Map of the coastal Northwest Atlantic Continental Shelf and spatial distribution of
egg hatch data. A) Northeast Fisheries Science Center (NEFSC) statistical areas (black
lines) and survey locations (blue dots). B) Example hatch data from statistical area 512 in
2012. Black dots: measured proportion of egg bearing females with hatching eggs; Black
line: fitted Gaussian probability distribution; Red dashed line: start date of hatch.
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A cumulative degree-day threshold to initiate egg hatching was determined using NECOFSmodeled bottom temperatures. Daily bottom temperatures were weighted based on the depth
distribution of egg bearing females recorded in the ventless trap and sea sampling surveys
(Appendix 3-1) and then averaged per NEFSC statistical area to account for thermal exposure
histories of adult lobster (<200 m; Ennis, 1984; Haakonsen & Anoruo, 1994; Cowan et al.,
2007). Bottom temperatures warm enough for embryonic development (>4 °C; Aiken & Waddy,
1986; Campbell, 1986; Waddy and Aiken, 1992; Waddy & Aiken, 1995; Goldstein & Watson,
2015) were used to determine the cumulative degree-days from October 1st the previous year to
the start date of egg hatch. The start date was approximated based on observed dates of eyespot
formation (Goldstein and Watson, 2015). The degree-day climatologies were determined per
NEFSC statistical area and were then used to calculate the average degree-day threshold to
initiate egg hatch over the study domain.

3.3.3 Relationship to Environmental Conditions
Spatiotemporal variations in the date of egg hatch were used to investigate environmental
correlates to egg hatch phenology. The date of egg hatch over the nearshore continental shelf
where ovigerous lobsters are observed (<200 m depth; Appendix 3-1) was approximated from
1979 - 2016 using our degree-day threshold. Least-squares linear regressions were performed to
determine the rate of hatch date change at each NECOFS grid node from 1979-2016 and 20072016. These rates were then compared to multiple abiotic factors; latitude, depth (m), and
seasonal-specific bottom temperature rates of change.
We used generalized additive models (GAMs) to identify the relationships between our
abiotic variables and the change in hatch date. Separate GAMs were fit to the data from 1979-
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2016 and to the data from 2007-2016. GAMs are a non-linear extension of generalized linear
models and use smoothing functions to describe non-linear relationships between multiple
independent and dependent variables (Zuur, 2007; Wood, 2017). GAMs were chosen as they
allow for flexible interpretation of the relative influence of model terms and can be easily
constrained to prevent overfitting. We first calculated Variance Inflation Factor (VIF) values to
identify and eliminate potentially collinear explanatory variables. Variables with VIF > 5 were
removed before model fitting (Tanaka et al., 2017). Gamma and df (k) were set to 1.4 and 4,
respectively, to further penalize each term and prevent model overfitting (Coleman et al., 2021).
Due to the existence of heavily tailed data, models were fit using a “scat” family error
distribution and an identity link function such that;
𝑝

𝑓(𝑑) = 𝛼 + ∑ 𝑔(𝑥𝑖 ) + 𝜀
𝑖=1

where f() is the identity link function between the response variable (d) and each predictor, 𝛼 is
the intercept, g() is a nonparametric thin plate regression spline function, xi is the ith univariate
predictor variable, and 𝜀 is the residual error. Analyses were carried out in the R programming
environment (R Core Team, 2016). VIF calculations were performed using the fmsb package
(Tanaka & Chen., 2016) and GAMs were constructed using the mgcv package (Wood, 2011).
An iterative, stepwise Akaike information criterion (AIC) variable selection process was
used to construct the most parsimonious model relating abiotic variables to the modeled change
in hatch date. Models were first fit to the data with all candidate univariate predictor terms (i.e.,
VIF < 5). The least significant predictor variables, based on p-values, were then sequentially
removed and the models were refitted to the original data to optimize AIC and deviance
explained (i.e., lowest AIC and highest deviance explained; Tanaka et al., 2017). Model residuals
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were analyzed using histograms and random quantile-quantile (qq) plots. We cross-validated the
optimal GAMs by randomly subsetting 80% of the original data and refitting the model to the
subsetted data. We then used the new GAM to predict the change in hatch date of the remaining
20% of the data and a linear regression was performed between observed and predicted values.
This process was conducted 100 times with different random selections of the data (Coleman et
al., 2021). Lastly, separate GAMs were fitted using one of each term within the best fitting
model to assess each term's relative explanatory power. The AIC and deviance explained were
used to determine the predictive power of each variable.

3.4 Results
We fit 87 Gaussian probability distributions to lobster egg stage data and were able to
identify spatially heterogeneous patterns of egg hatch phenology. The mean start date of hatch
ranged from yearday 145 to 176, May 25th to June 25th respectively, and were statistically
different between NEFSC statistical areas (F5,84 = 9.84, p < 0.0001), although no clear spatial
trend emerged (Figure 3-2A). The largest difference in start date between statistical areas was 32
days, illustrating a consistent onset of hatch over the study domain. The duration of the hatching
season, however, greatly influenced the spatial patterns of peak hatch timing. The date of peak
hatch ranged from yearday 181 to 256, June 30th to September 13th respectively, and was
significantly later in the GoM compared to southern New England (F5,81 = 35.2, p < 0.0001;
Figure 3-2B). Later timing of peak hatch in the GoM is attributable to statistically longer
hatching seasons (F5,84 = 25.2, p < 0.0001) extending the period between the onset of hatch and
peak hatch (Figure 2C). These patterns are further supported by regression relationships between
peak hatch date, hatch duration, and seafloor temperature. Earlier hatch dates correspond with
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shorter hatch durations (Figure 3-3; F1,86 = 116, R2 = 0.58, p < 0.0001), attributable to elevated
seafloor temperatures during the egg development season (October - June; Figure 3-3; F2,85 = 5.5,
R2 = 0.12, p < 0.01). These relationships suggest that a 1 °C increase in seafloor temperature
during the entire egg development season causes the onset of hatch to occur 18 days earlier,
shorten the hatching season by 16 days, and result in a peak date of hatch 47 days earlier in the
season (e.g. Temperature = 8 °C: Onset of hatch: June 9th, hatch duration = 25.5 days, date of
peak hatch: July 30th; Temperature = 7 °C: Onset of hatch: June 27th, hatch duration = 40.0
days, date of peak hatch: September 15th).
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Figure 3-2. Hatch timing across Northeast Fisheries Science Center (NEFSC) statistical areas.
A) Start date of hatch. B) Date of peak hatch. C) Hatch duration (days). Letters denote
statistical similarity at the p < 0.05 level within each figure.
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Figure 3-3. Relationships between development season bottom temperature (October - June) and
hatch data Gaussian distributions. Warmer bottom temperatures correspond with earlier
hatch of larvae that occurs over a shorter time frame. Temperature data are a fitted linear
surface (p < 0.01, R2 = 0.12, T = -0.017X - 0.014Y + 11.93) to the 95% confidence
interval of the linear regression between date of maximum hatch and hatch date standard
deviation (p < 0.0001, R2 = 0.58, Y = 0.31X - 39.7). Data are separated by statistical
region.

Benthic temperatures on the Northwest Atlantic Continental Shelf are seasonally-specific
and exhibit varying magnitudes of change over time. We separated the Northwest Atlantic
Continental Shelf into four major oceanographic regions; the Southern Shelf, George’s Bank, the
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GoM, and the Scotian Shelf. Benthic temperatures during the embryonic development period
(October - June) have steadily increased over the past four decades along the Southern Shelf,
George’s Bank, and the GoM while decreasing along the Scotian Shelf (0.09, 0.22, 0.14, -0.03
°C decade-1, respectively; Figure 3-4A, B). The cooling trend along the Scotian Shelf exhibits a
degree of connectivity to seasonal patterns along the GoM coastal currents. Cooling patterns
extend from the Scotian Shelf into the GoM during the winter, become localized along the
Scotian Shelf and the Western Maine Coastal Current down to the Great South Channel starting
in spring, intensify during the summer, and erode during the fall (Figure 3-5). However, these
trends substantially change from 2007-2016. Benthic temperatures along the Southern Shelf,
Georges Bank, and the GoM continued to warm at an elevated rate compared to 1979-2016 (1.0,
2.5, and 0.8 °C decade-1, respectively), but the Scotian Shelf had a reversal in temperature trend
from cooling to warming and warmed at a rate faster than the other oceanographic regions (3.1
°C decade-1; Figure 3-4A, B). The reversal in temperature trend eroded the seasonal cooling that
once extended from the Scotian Shelf into the GoM, but some localized cooling remains present
within the Western Maine Coastal Current (Figure 3-5).
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Figure 3-4. Benthic temperature trends along the Northwest Atlantic Continental Shelf (<200
m). A) Annual temperatures during the embryonic development season (October - June)
from 1979 to 2016 over the four major continental shelf oceanographic regions. Black
dashed lines: long-term trends. Red solid lines: trends over the decade 2007-2016. B)
Contrasting long-term (1979-2016) and recent decade (2007-2016) benthic temperature
trends. Numbers denote oceanographic regions. Reds: warming. Blues: cooling.
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Figure 3-5. Modeled seasonal bottom temperature changes along the Northwest Atlantic
Continental Shelf. Trends are linear, node-specific rates <200 m using the Northeast
Coastal Ocean Forecast System (NECOFS). Reds: warming, Blues: cooling.
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We estimated a thermal-threshold necessary to initiate egg hatching and used the
modeled bottom temperatures to predict hatching patterns over the Northwest Atlantic
Continental Shelf. We estimated that approximately 857 degree-days warmer than 4 °C are
necessary to initiate egg hatch after eye spot formation, a value comparable to those identified in
a laboratory and field setting (905-938 degree-days; Goldstein and Watson, 2015; 953-984
degree-days; Cowan et al., 2007, respectively). We used this thermal threshold to evaluate
changes in onset of hatch from 1979-2016 and 2007-2016. From 1979-2016, change in hatch
date ranged from -17.8 to 11.4 days decade-1, the median a shift in hatch date was -3.2 days
decade-1, and near offshore regions exhibited shifts in hatch date later in the year (Figure 3-6A).
This pattern along the near offshore regions exhibits spatial connectivity originating along the
Scotian Shelf extending within the GoM coastal current system, through the Great South
Channel, and southern boundary of Georges Bank (Figure 3-6A). From 2007-2016 change in
hatch date ranged from -124 to 64 days decade-1and the median shift in hatch date was -30.4 days
decade-1 (Figure 3-6B). Change in hatch date was an order of magnitude higher over this decade
compared to the entire time series and nearly all habitats experienced a shift in hatch timing
earlier in the year (Figure 3-6B).

57

Figure 3-6. Phenological changes of egg hatching across the Northwest Atlantic Continental
Shelf (<200 m). A) Long-term change in hatch date (1979-2016). Inset: date change
frequency distribution. B) Hatch date change from 2007-2016. Inset: date change
frequency distribution. Reds: hatch occurring later in the year. Blues: hatch occurring
earlier in the year.

GAMs were able to attribute the effects of multiple environmental variables to changes in
hatch date over our two time periods. We identified only one variable with a VIF value >5 while
generating both models and excluded it from the analysis (1979-2016: summer bottom
temperature change; Table 3-1). During model selection for both time periods, removing the
least significant variable failed to improve AIC or deviance explained. Thus, the most
parsimonious model included all candidate explanatory variables. The best fitting models
explained 48.3% and 61.3% of the deviance in changes to hatch date from 1979-2016 and 20072016, respectively (Table 3-1). Residuals of the best fitting models were normally distributed
(Appendix 3-2A, D) and quantile-quantile plots exhibited a near 1:1 linear relationship between
theoretical quantiles and deviance residuals (Appendix 3-2B, E). Cross validation revealed that
the optimal model for 1979-2016 over-estimated patterns of positive hatch date changes although
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the model exhibited a relatively high coefficient of determination and near-optimal intercept (Y
= 0.73X - 0.94, N = 100, R2 = 0.49; Appendix 3-2C), while the optimal model for 2007-2016
consistently over-estimated hatch date changes (Y = 0.99X - 1.21, N = 100, R2 = 0.75; Appendix
3-2F). The generalized additive model response curves revealed that patterns of benthic warming
result in earlier hatch, benthic cooling result in later hatch, and that deeper, farther north habitats
are experiencing faster shifts in hatch date (Appendix 3-3, 3-4). Individual environmental
variables have varying degrees of explanatory power to patterns of egg hatch phenology shifts
and change in relative importance over the two time periods. Individual variables explained
between 0.7 and 49.9% of the observed deviance, and over both time periods fall bottom
temperature change had the highest predictive power (1979-2016: 23.5%, 2007-2016: 49.9%;
Table 3-1). Seasonal temperature changes from 2007-2016 explained a higher amount of the
observed deviance compared to 1979-2016, and the explanatory power of winter temperature
change increased to nearly the same as the fall (Table 3-1).
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Table 3-1. Generalized additive model summaries.

Seasonally specific changes to benthic temperatures were further investigated to explain
their relative importance to the GAMs. We believed the increase in explanatory power of winter
temperature change was a result of benthic warming past the 4 °C thermal threshold for
embryonic development. Regional patterns of winter temperature revealed that the Southern
Shelf has remained consistently at the 4 °C thermal threshold since the 1980s, Georges Bank has
been warmer than this threshold for the entire study period, and that both the GoM and Scotian
Shelf have recently warmed above this threshold starting around 2007 and 2010, respectively
(Figure 3-7A). These patterns of warming about the 4 °C thermal threshold rapidly increased the
number of degree days suitable for embryonic development over the study domain from 20072016 (Figure 3-7B).
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Figure 3-7. Change in thermally favorable embryonic development habitat (>4 °C) during the
winter. A) Average winter bottom temperature over the four major oceanographic
regions. Blue line: annual average. Red line: 4 °C embryonic development thermal
threshold. B) Change in degree days decade-1 warmer than 4 °C from 2007 to 2016.

3.5 Discussion
Hatch phenology of the American lobster is tightly coupled with regional
thermogeography and is being significantly altered by seasonally specific climate changes.
Embryonic development of the American lobster is thermally dependent, thus, changes in the
timing and distribution of critical thermal habitats have the potential to impact larval competency
and hatching behavior (Templeman, 1940; Aiken & Waddy, 1986; Goldstein & Watson, 2015).
We demonstrated this relationship directly by linking the timing and duration of hatching to
benthic thermal conditions (Figure 3-3). But beyond broad thermal control on embryonic
development and hatch phenology are local oceanographic influences to benthic thermal
regimes. Rapid seafloor warming is being driven by the influence of Gulf Stream intrusion onto
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the continental shelf (Brickman et al., 2018; Gonçalves Neto et al., 2021), significantly altering
the seasonal availability of thermally suitable habitat for embryonic development. Elevated
seafloor temperatures above the lower thermal threshold for embryogenesis are changing
seasonal contributions to the development and hatching of lobster larvae, rapidly shifting hatch
earlier in the year. This comprehensive view offers a mechanistic explanation for oceanographic
influence on the earliest life stage of the American lobster and the implications of climate change
on larval population dynamics.
We demonstrated that ocean temperatures directly correspond to patterns of egg hatch
phenology of the American lobster and can be used to predict hatching across a thermally
heterogeneous coastline. Regional thermal characteristics along the continental shelf impact the
intensity and duration of thermally suitable habitat for embryogenesis (Cowan et al., 2007;
Figure 3-4A), affecting the phenology of the hatching season (Figure 3-2). Despite varying
thermal conditions along the continental shelf, the date at which hatch begins is fairly consistent
across statistical regions (Figure 3-2A), and we were able to quantify a degree-day threshold that
corresponds to when this occurs. Our estimated development threshold of 857 degree-days
warmer than 4 °C conforms well to other estimates to initiate hatching (953-984 degree-days:
Cowan et al., 2007; 905-938 degree-days: Goldstein & Watson, 2015), but deviates from others
(1832 degree-days; Campbell, 1986). The slightly higher threshold identified by Cowan et al.
(2007) is attributable to a field sampling bias towards later stages in hatch progression and using
a slightly lower thermal threshold (3.4 °C) for embryogenesis. Goldstein & Watson (2015)
tracked the development of lobster embryos from the exact date of eyespot formation until
hatching, allowing for a higher accumulation of degree-days during the fall months compared to
our approach, and resulting in a slightly higher degree-day threshold that corresponds to a one
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week difference in development time compared to our estimate. The divergence of our
development threshold from that identified by Campbell (1986) is attributable to methodological
differences in how it was calculated. This point was similarly noted by Cowan et al. (2007), and
once the different methodologies were taken into account comparable developmental thermal
thresholds were produced (1842-2023 degree-days: Cowan et al., 2007; 1686 degree-days: this
study). The convergence of these separate embryogenic thermal thresholds suggests that thermal
influence on embryogenesis of the American lobster has remained consistent over time, may help
produce a less invasive method to predict hatching compared to current models used in the Gulf
of St. Lawrence (Miller et al., 2016), and provides a robust metric to study climate influence on
larval dispersal and connectivity.
Key life history traits of American lobster are intimately connected to thermal regulation
and are especially crucial during the embryonic and larval stages (Waddy & Aiken, 1995).
Temperature affects oocyte maturation, egg attachment, incubation success, rate of embryonic
development, embryonic/larval survival, hatch synchrony, and the eventual rate of settlement to
the seafloor (Templeman, 1940; Ennis, 1971; Perkins, 1972; Aiken & Waddy, 1986; MacKenzie,
1988; Annis, 2005; Cowan et al., 2007). Among these factors, thermal regulation of
embryogenesis has significant implications for understanding egg hatch phenology.
Embryogenesis begins in the fall, pauses during the winter when temperatures dip below 4 °C,
and resumes in the spring when temperatures once again exceed the lower thermal threshold
(Campbell, 1986). Below this thermal threshold larvae have an elevated mortality rate, show
signs of severe stress (e.g., inactivity, irregular movements, elevated heartbeat, and temporary
cardiac arrest), and become immunocompromised (Huntsman, 1924; Paterson & Stewart; 1974).
Although the direct mechanisms controlling the pause in embryogenesis below this temperature
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are not fully understood, it is probable that this developmental plateau occurs to delay the
transition to the irreversible D1 stage in embryonic development and avoid the physiological
stress that older lobsters experience below this thermal threshold (Helluy & Beltz, 1991). As a
result, the duration and intensity of winter conditions partly control the length of the embryonic
stage that can last somewhere between 9-12 months (Aiken & Waddy, 1985; Campbell, 1986).
The duration and intensity of winter conditions, however, are decreasing as this ecosystem
continues to warm and summer-like conditions become prolonged and more intense (Kavanaugh
et al., 2017; Thomas et al., 2017). Elevated temperatures increase the rate of embryonic
development but rising temperatures above the lower thermal threshold for embryogenesis
significantly alters the timeframe over which it occurs. Rather than a near three month pause in
development during the winter (Campbell 1986; Goldstein & Watson, 2015), embryos
continuously develop throughout the year, rapidly shifting the time at which they become
competent and hatch. It is crucial, therefore, to contextualize ocean warming to biologically
relevant thresholds, about which small changes manifest into large biological responses.
The predictability of marine systems is linked to understanding the mechanisms and
regional oceanography contributing to the rate at which habitats experience change. Long-term
trends are useful because they can identify multi-decadal patterns and produce significant
relationships between abiotic and biotic variables over time (Hurrell et al., 2003; Edwards et al.,
2013). Short-term trends, however, offer insight to the variability of a system, especially as the
mechanisms driving regional patterns change over time (Litzow et al., 2018; Litzow et al., 2020).
Climate models suggest that anthropogenic slowing of the Atlantic Meridional Overturning
Circulation is altering the dynamics between the Gulf Stream and Labrador current, driving
substantial shifts in benthic thermal conditions over short time scales (Saba et al., 2016;
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McCarthy et al., 2017). Northward migration of the Gulf Stream reduces the southwestward flow
of the Labrador Current, changing the boundary conditions which modulate the hydrographic
properties of the Northwest Atlantic Continental Shelf and leading to rapid, non-linear warming
(Brickman et al., 2018; Friedland et al., 2020; Gonçalves Neto et al., 2021). For example, up
until the 1990s the Scotian Shelf was experiencing a long-term cooling trend that extended into
the GoM along the Maine Coastal Current (Petrie & Drinkwater, 1993; Drinkwater et al., 2003;
Figure 3-4, 3-5). Restriction of the Labrador Current starting in the mid-2000s reversed this
thermal trajectory and caused the Scotian Shelf to warm at a rate faster than the rest of the
Northwest Atlantic Continental Shelf (Figure 3-4). These processes are causing uneven warming
between seasons (Kavanaugh et al., 2017; Figure 3-5), shifting the thermal phenology of the
system (Thomas et al., 2017), and resulting in temperature regime shifts propagating southward
(Friedland et al., 2020). Although it is inadvisable to use short-term trends to extrapolate future
conditions, we attest that these trends are useful in identifying non-stationarity within a system
and identifying changes to the prevailing controls of demographic processes. Frequent reevaluation of biological responses to abiotic factors will become increasingly necessary as
climate models suggest these oceanographic shifts will intensify, causing the Northwest Atlantic
to warm faster than 99% of the rest of the world’s ocean and continue to impact marine life
(Saba et al., 2016; Alexander et al., 2018; Pershing et al., 2018; Pershing et al., 2021).
Utilizing modeled ocean conditions is a necessary tool when evaluating changes to
benthic temperature over large spatial and temporal scales. Satellite-derived sea surface
temperatures have been used to characterize ocean warming for decades and several studies have
used these important metrics to identify ecological responses to climate change (e.g., Pinsky et
al., 2013; Pershing et al., 2015). However, sea surface temperatures may not be the best measure
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of local thermogeography as water column temperatures along the continental shelf are
commonly decoupled, causing contrasting patterns of temperature and warming (Kavanaugh et
al., 2017; Rheuban et al., 2017; Goode et al., 2019). Benthic temperatures are a better
characterization of actual exposure histories of demersal species but come with their own unique
set of challenges. Benthic temperatures have substantially fewer in situ measurements compared
to the sea surface, and rely on benthic surveys, static buoy arrays, and environmental monitoring
programs with coarse spatiotemporal resolutions (Kavanaugh et al., 2017; Li et al., 2017). Ocean
models, however, offer the ability to characterize benthic conditions by utilizing in situ and
remote sensing measurements to generate and validate a simulated geophysical marine
environment (Chen et al., 2006). These models have been shown to be highly reliable in
predicting bottom water temperatures (Li et al., 2017; Appendix 3-5) and reproduce warming
rates from in situ measurements (Kavanaugh et al., 2017; Appendix 3-6). Simulated hindcasts
and forecasts of the marine environment are becoming increasingly useful in determining
ecological responses to climate change and predicting how species may respond under different
climate scenarios (Rheuban et al., 2017; Le Bris et al., 2018).
Critical evaluation of habitat use is necessary when considering the ecological impacts of
changing hatch phenology. We demonstrate that egg-bearing females inhabit depths shallower
than 200 m and are typically observed hatching their clutches shallower than 100 m (Appendix
3-1), yet lobsters undergo substantial seasonal migrations that influence the thermal life history
of their developing embryos (Cowan et al., 2007; Carloni et al., 2021). Evidence suggests that
the seasonal migrations of egg-bearing females do not alter the cumulative degree-days
experienced, but rather minimize variation in their thermal exposure history (Cowan et al.,
2007). The capacity of egg-bearing females to migrate is also highly impacted by ontogeny,
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whereby smaller, inshore lobster migrate shorter distances compared to their larger, offshore
counterparts (Cowan et al., 2007). We attempted to minimize the impacts of these migratory
patterns by weighing benthic temperatures based on the depth distribution of ovigerous lobster
(Appendix 3-1), but in lieu of a comprehensive model for lobster migrations we necessarily
presented the theoretical hatch timing of egg-bearing lobsters given the thermal conditions at
static locations. Our results, therefore, are best considered as characterizing the changes in the
developmentally suitable thermal habitats for embryogenesis. An additional point to consider is
that we extrapolated the observed biological patterns of lobster within the GoM and Southern
New England onto the entire Northwest Atlantic Continental Shelf. The American lobster is
separated into multiple populations across its range (Campbell & Mohn, 1983; ASMFC, 2020),
and the dynamics associated with each population may affect the validity and practicality of the
results we presented. Lobster populations south of New England have all but collapsed and
comprise only a small fraction of the landed species (NMFS, 2021), so characterizing changes to
these populations may be ecologically irrelevant. The distribution of lobster in the Canadian
Maritimes is affected by depth, temperature, and the occurrence of cryophilic species (Greenan
et al., 2019), potentially affecting the depths to which our results can be realistically applied.
Therefore, scaling up our results for use in larval population dynamic models would require
careful consideration of region, distance from shore, and migratory capability.
Interactions between biological processes, animal behavior, and the environment create
several hypothetical scenarios in the face of climate change. Habitat suitability of lobster has
shifted offshore (Tanaka & Chen, 2016; Mazur et al., 2020), resulting in a commensurate shift in
the spawning stock center of mass into deeper habitats (Friedland et al., 2021). Release of larvae
earlier and farther offshore may affect survival, development, dispersal, and connectivity by
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altering the currents to which larvae are exposed and the level of wind-driven advection (Xue et
al., 2008). Rapid development of larvae in a warmer water column may result in reduced
exposure to pelagic predators and offshore drift (MacKenzie, 1988; Xue et al., 2008; Pershing et
al., 2012), potentially intensifying local settlement rates due to declining drift distance (Gendron
et al., 2019). The potential benefit of shortened larval duration may be offset, however, by
increased current speeds under various climate change scenarios (Brickman et al., 2021).
Elevated water temperature is reducing the size at which lobsters become reproductively mature
(Waller et al., 2019; Waller et al., 2021), potentially increasing the contribution of the smaller
bodied, inshore subpopulation contribution to larval supply. Earlier hatch of lobster larvae may
alter the co-occurrence with optimal prey species (match-mismatch hypothesis, sensu Cushing,
1990), a pattern hypothesized to already be impacting the survival of larval lobster in the GoM
(Carloni et al., 2018). As rates of surface warming continue to outpace that of the seafloor
(Kavanaugh et al., 2017), asynchronous changes in phenology and abundance may intensify the
mismatch between larvae and their optimal prey, increasing larval mortality and year class
failure (Durant et al., 2007; Carloni et al., 2018). Differing changes in hatch phenology between
inshore and offshore sub-populations of lobster may create contrasting magnitudes of mismatch
to prey, altering larval survivorship, reproductive success, and source-sink dynamics. Evaluating
the interactive effects of these processes will be important in determining the predominant
factors responsible for year class success or failure, and how these processes may impact the
future of this iconic species.
Larval phases are some of the most critical periods during an organism’s life history, and
complex changes in the marine environment have lasting impacts to processes controlling larval
development. We demonstrated that the timing and duration of hatching for the American lobster
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is tightly coupled to regional thermogeography along the Northwest Atlantic Continental Shelf,
whereby a 1 °C increase in bottom temperature results in a 47-day earlier hatch over a 16-day
shorter period. But beyond broad thermal controls to hatch phenology are regional
oceanographic processes controlling the rate at which habitats experience climate change. By
virtue of changing ocean currents, the Scotian Shelf and GoM have rapidly changed the
availability of thermally suitable habitats for lobster embryonic development, altering the
timeframe over which development occurs. We suggest that relatively small changes in
temperature above the lower thermal threshold for embryogenesis result in disproportionate
changes in the rate of embryonic development throughout the year. Combined with shifting
spawner distributions, these changes may significantly alter larval dispersal and connectivity.
Assessing population response to climate change, therefore, requires better understanding of
interactions between behavior, thermal regulation on biological processes, species-specific life
history thresholds, and local oceanography.
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CHAPTER 4 - OCEANOGRAPHIC CONSTRAINTS TO BENTHIC SETTLEMENT
4.1 Abstract
Local oceanographic features often drive the behavior and distribution of marine
organisms and understanding the relative importance of these features is crucial in assessing
adaptive strategies of organisms to ecosystem change. The American lobster, Homarus
americanus, has thrived within the GoM as ocean warming shifted nearshore habitats within the
thermal optima for benthic recruitment. However, continued warming is shifting these nearshore
habitats past this thermal optima, potentially leading to fishery decline. The fate of lobster within
the GoM may therefore rely on their adaptive capacity to utilize cooler, offshore recruitment
habitats. We used passive larval collectors to examine the interactive effects of depth, distance
from shore, and temperature on lobster settlement patterns to evaluate demographic constraints
to offshore settlement. We found that discontinuous oceanographic boundaries modify the
demographic bottlenecks that constrain benthic settlement of juvenile lobster. Specifically, we
determined that depth was a hierarchically more important constraint to settlement than
temperature over large geographic scales. In the northeastern GoM, the well-mixed water column
leads to ~2.5x proportionally higher recruitment at depth compared to the stratified southwest.
These results reframe our understanding of the mechanisms that control benthic recruitment of
lobster and suggest that habitats in the northeastern GoM have a greater capacity to provide
refuge for juvenile lobster in a changing climate. It also suggests that understanding the
resilience of species to climate change requires mechanistic understanding of key life-history
processes at oceanographically relevant scales.
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4.2 Introduction
Early life stage monitoring provides insight to demographic processes at the local and
ecosystem scales necessary to assess the current and future status of populations. Indices of
larval settlement and early juvenile abundance have been used to accurately predict recruitment
and subsequent landings of crustacean fisheries worldwide (Wahle et al., 2009; de Lestang et al.,
2010; Ehrhardt & Fitchett, 2010; Sporer et al., 2010; Johnston et al., 2011; Caputi et al., 2014;
Oppenheim et al., 2019). Similar indices from fishery-dependent and independent surveys are
used in formal stock assessments (Chen et al., 2005; Tanaka et al., 2019; ASMFC, 2020;
Hodgdon et al., 2020), and juvenile abundances have been useful in identifying interactive
effects of settlement and post-settlement processes on fishery recruitment (Wahle et al., 2009;
Wahle et al., 2015; Oppenheim et al., 2019). Monitoring these early life stages, therefore, is
crucial in assessing crustacean populations and provides opportunities to better understand the
processes and mechanisms influencing recruitment and population dynamics (Navarrete et al.,
2005).
The American lobster has experienced rapid, non-uniform changes in abundance over the
past three decades attributable to local and ecosystem-wide environmental change affecting
recruitment and mortality (Acheson & Steneck, 1997; Steneck & Wahle, 2013; Wahle et al.,
2015; Le Bris et al., 2018; Goode et al., 2019). Overfishing of predatory groundfish initiated
ecological shifts favorable to lobsters by relaxing top-down controls and allowing ubiquitous
increases of juveniles on previously sub-optimal habitats (Harris & Tyrrell, 2001; Jackson et al.,
2001; Beaudreau & Worm, 2010; McMahan et al., 2013; Steneck & Wahle, 2013; Pershing et
al., 2015). Rising ocean temperatures have surpassed thermal biological thresholds and have
shifted nursery habitats into the thermal optima for benthic settlement, improving habitat
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suitability locally and northeastward (Tanaka & Chen, 2016; Le Bris et al., 2018; Goode et al.,
2019). The net effect of warming has made large areas of seabed thermally suitable, generating a
rapid population surge of lobster and elevating it to the current status as the most valuable singlespecies fishery in North America, with a combined ex-vessel value over $US 1.6 billion in 2016
(DFO, 2021; NMFS, 2021).
The GoM is the epicenter of lobster landings along the Northwest Atlantic Shelf (DFO,
2021; NMFS, 2021), but the future of this fishery is uncertain as monitored young-of-year (YoY)
and older juveniles (OJ) in shallow nurseries have declined since the late 2000s followed by
declining landings since 2016 (Oppenheim et al., 2019). Rising temperatures are shifting
historical nursery habitats in the southwestern GoM past their thermal optima (Le Bris et al.,
2018), and concern is growing that continued warming will result in similar fishery collapse
observed in southern New England (Wahle et al., 2015). However, only considering temperature
change without understanding the underlying habitat constraints to settlement will skew how we
anticipate climate change influence on this fishery. The GoM’s geomorphology and
oceanography may help buffer the American lobster from the adverse effects of climate change
through coastwise and depth wise expansion of benthic settlement into deeper habitats (Steneck,
2006; Steneck & Wahle, 2013; Goode et al., 2019). Deeper nursery habitats in the GoM remain
cooler and potentially provide thermal refuge for settlers, but the potential for these habitats to
mitigate climate-induced changes may be limited by the local supply of larvae (Wahle and Incze,
1997) and physiological and behavioral constraints to settlement (e.g. limits to horizontal
swimming and depth limits to sounding behavior; Katz et al., 1994; Annis et al., 2005; Wahle et
al., 2013). To disentangle the contribution of these effects on the depth distribution of settlement
and older juvenile stages, we examined a unique multi-year data set from passive collectors
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deployed from collaborating fishing vessels over a range of depths and across oceanographically
distinct along the coast of Maine.
Here, we examine the relationship between depth, distance from shore, and temperature to
benthic recruitment patterns of the American lobster in oceanographically contrasting regions of
the GoM. Specifically, we suggest that patterns of benthic recruitment are controlled
hierarchically by depth and then temperature where summer thermal stratification exists, and by
depth and distance from shore where it does not. This reframes our mechanistic understanding of
lobster settlement behaviors, highlights the importance of local oceanography to patterns of
recruitment, and improves our ability to accurately predict the trajectory of this species and
fishery in a changing climate.

4.3 Methods
4.3.1 Study Area and Sampling Settlement Patterns
Passive post-larval bio-collectors were designed and deployed to evaluate lobster
settlement in sites that are either unsafe or impractical for diver-based sampling, though they
have become the preferred sampling technique even at some shallow sites. The collector program
represents a unique science-industry collaboration and provides a standardized method to sample
small cryptobenthic fishes and decapod crustaceans that are not easily sampled by other means,
allowing for the detection of regional-scale changes in abundance and distribution patterns.
Collectors were composed of 10-gauge vinyl-coated wire with a 37 mm mesh and measured 61.0
× 91.5 × 15.0 cm, ~ 0.55 m². To prevent newly settled organisms from escaping, the floor and
sides of the collectors were lined with vinyl-coated 2 mm pet screens. Collectors were filled with
cobble, ranging in diameter from 10 to 15 cm, and covers were unlined to allow for the free
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passage of settling postlarval lobsters. Additional information on collector design can be found in
Wahle et al. (2013).
Collectors were deployed and retrieved corresponding to the regional availability of
postlarval lobsters. Deployment occurred in mid June - mid July, and retrieved at the end of the
settlement period, October - December. Annual deployments of 120 collectors were conducted
per study area and were distributed across three depth strata using a randomized selection of the
Department of Marine Resource’s Ventless Trap Survey sites. Collectors were deployed within
Cutler Harbor (~ 44.6 °N, -67.3 °W) from 2007-2008 and 2016-2020, off Mid-coast Maine (~
43.8 °N, -69.6 °W) from 2007-2008, and Casco Bay (~ 43.7 °N, -70.1 °W) from 2016-2020
(Figure 4-1). We determined depth and distance from shore for each collector position which
varied annually. Upon retrieval, cobble was removed, collectors were rinsed, and an immediate
census of all lobsters, crabs, and fish were conducted.

74

Figure 4-1. Passive collector locations in the two oceanographic regions in the Gulf of Maine.
Blue circles: Northeast, Red diamonds: Southwest. Inset: Average mid-summer water
column thermal profile for the two regions from 2016-2020. Solid lines: mean, Shaded
area: standard error.
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4.3.2 Statistical analysis
Patterns of YoY lobster settlement densities were evaluated at two contrasting
oceanographic regions off the coastal GoM; the northeast and southwest (Figure 4-1). The
northeastern GoM is typified by a relatively cold, well-mixed water column formed by the
intrusion of deep slope and Scotian Shelf waters, cyclonic baroclinic circulation, and strong tidal
mixing in the Bay of Fundy, CAN. (Brooks, 1985; Townsend, 1998; Townsend et al., 2006). The
southwestern GoM is a thermally-stratified system driven by freshwater discharge, local
atmospheric effects, and a cyclonic baroclinic circulation (Brooks, 1985; Franks & Anderson,
1992; Fong et al., 1997).
YoY settlement densities vary annually and are influenced by ocean temperature that
must be considered prior to analysis. Decades-long monitoring of juvenile lobster along the
coastal Northwest Atlantic Shelf has used regionally specific maximum size definitions for YoY
(Wahle et al., 2013), but evidence suggests that these fixed size definitions may overestimate the
maximum attainable size of YoY due to temperature and oceanographic region influence
(Harrington et al., 2018; Morin and Wahle, 2019). We therefore tested the influence of size
definition on patterns of settlement. Settlement densities were determined using two maximum
size definition models: a standard 13 mm carapace length and annually variable, regionallyspecific models (Morin and Wahle, 2019). These densities were then standardized as a
proportion of the shallow strata settlement density per year and region (e.g., Shallow: 2.0 YoY
m-2, Mid: 1.0 YoY m-2, Deep: 0.6 YoY m-2 ~ Shallow: 1.0, Mid: 0.5, Deep: 0.3). This approach
attempts to remove the interannual variability in settlement density driven by larval supply,
coastal hydrodynamics, and various other factors (e.g., Xue et al., 2008; Incze et al., 2010). We
then compared settlement patterns of YoY by size definition, oceanographic region, and depth
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strata by performing a three-way analysis of variance (ANOVA). The results of this test were
used to inform which size definition model we used for the remainder of our analyses.
A series of tests were conducted to compare settlement patterns between study areas and
their environmental conditions. First, an outlier analysis was conducted for each region and
depth strata to identify and remove extreme outliers (> 3 times the interquartile range; Tukey,
1977). We then performed unbalanced 2-way ANOVAs to compare the mean settlement signals
between study area and depth strata for YoY and OJ. Tukey-Kramer post-hoc tests were used to
identify significant differences between groups (Tukey, 1977). We then used regression models
to evaluate the explanatory power of depth, distance from shore, and temperature to describe
standardized densities of YoY and OJ. Similar to the lobster settlement densities, depth, distance
from shore, and temperature were characterized as the difference from the shallow strata sites.
Temperature from the northeastern GoM were excluded in these analyses since temperature does
not significantly vary with depth (Figure 4-1). Individual and multiple regression models were fit
to the standard and log transformed data to assess their linearity. Akaike Information Criterion
(AIC) were calculated for each model and compared between oceanographic region, variable
combination, and model type to identify the optimal model (Akaike, 1973). When minimum AIC
values were within two units from one another the model with the higher coefficient of
determination was identified as the optimal model. We then investigated the slope of the seabed
between oceanographic regions to better characterize the responses from the multiple regression
models. We combined the spatial patterns of depth and distance from shore to determine the
slope of the seabed, and a standard t-test assuming unequal variance was performed to determine
the difference in seabed slope between the two oceanographic regions.

77

4.4 Results
We tested standardized settlement patterns to identify which size definition to utilize for
further analyses. No significant difference in settlement signal was found using a three-way
ANOVA including oceanographic region, depth strata, and size definition (F1,83 = 0.4, p = 0.53).
To reduce model complexity, we chose to use the standard 13 mm maximum CL size definition
for the remainder of our analyses.
The interquartile range of the standardized densities were determined for each
oceanographic region, depth strata, and size class to identify outliers. The first of two outliers
occurred during 2020 for the deep stratum in the southwestern GoM, exceeding 4x the
interquartile range and having a higher settlement signal than the mid and shallow strata for that
year. Further investigation revealed that this year had an anomalously high density reported by
one collector, >5x the interquartile range, which increased the average density of the deep strata
collectors by 61%. The second outlier occurred during 2017 for the deep stratum in the
northeastern GoM, exceeding 7x the interquartile range. This anomaly was driven by an
anomalously high density reported by one collector, >3x the interquartile range, increasing the
average density of the deep strata collectors by 42% which was then amplified by a lower-thanaverage density in the shallow strata collectors.
Standardized patterns of lobster densities showed significant differences across oceanographic
regions and depth. YoY significantly varied among depth strata (F2,40 = 55.7, p < 0.0001) and
were proportionally more abundant in the northeast compared to the southwest (F1,40 = 6.8, p =
0.01; Figure 4-2). Similarly, OJ significantly varied among depth strata (F2,40 = 144.22, p <
0.0001) and were proportionally more abundant in the northeast compared to the southwest (F1,40
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= 9.9, p < 0.01; Figure 4-2). These patterns reveal that diminution of YoY and OJ standardized
densities were strongest in the thermally stratified southwestern GoM.

Figure 4-2. Standardized settlement densities of young-of-year (YoY) and older juvenile (OJ)
lobsters relative to the shallow stratum by oceanographic region and depth stratum.
Letters denote statistical similarity at the p = 0.05 level. Separate statistical analyses were
conducted for each life stage. Values are mean and standard error.

Simple and multiple regression models were fit between depth, distance from shore, and
temperature to standardized densities of YoY and OJ lobster. AIC values of the regression
analyses ranged from -283 to -40 and identified that optimal models were always linear
(Appendix 4-1). To that end, the remainder of the analyses reported only include those produced
using linear models. Individually, depth had the highest, and most consistent explanatory power
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(R2 = 0.47 - 0.74), followed by distance from shore (R2 = 0.17 - 0.64), and temperature (R2 = 0.45
- 0.52; Appendix 4-1). Optimal models always included depth, had varying degrees of
incorporating temperature and distance from shore, were highly significant (p < 0.0001 - 0.001),
and explained a substantial amount of the settlement variance (R2 = 0.48 - 0.77; Table 4-1).

Table 4-1. Optimal model regression statistics.

Bathymetric patterns were used to further investigate the patterns of the regression
models. The most inconsistent explanatory variable for the regression models was distance from
shore, the only variable to not produce a significant relationship for all regions or lobster size
classes (Appendix 4-1). Explanatory power of distance from shore was substantially different
between oceanographic regions (Northeast: R2 = 0.17 - 0.24; Southwest: R2 = 0.62 - 0.63;
Appendix 4-1). We believed this difference to be driven by interactions between depth and
distance from shore (i.e., the seabed slope). The slope of the seabed was significantly higher in
the northeast (67.4 + 12.0; mean + standard error) compared to the southwest (22.8 + 7.1; t32 =
2.04, p < 0.01; Figure 4-3), indicating that depth changes faster with distance from shore in the
northeastern GoM.
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Figure 4-3. Differences in seafloor slope between the two study regions. ** denotes a
significantly steeper slope in the northeast compared to the southwest at the p < 0.01
level. Values are mean and standard error.

4.5 Discussion
We illustrated that contrasting oceanographic regimes play a large role in modulating the
densities of postlarval and juvenile lobster along the coastal GoM. Ocean temperature garners a
great deal of attention as a primary controlling factor for species distributions and behavior in a
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rapidly changing climate (e.g., Pinsky et al., 2013), but underlying patterns and mechanisms are
driven by more than just temperature. Processes driving American lobster settlement are
controlled by several demographic bottlenecks (Boudreau et al., 1990; Wahle & Steneck, 1991;
Wahle & Incze, 1997; Palma et al., 1999; Annis, 2005; Butler et al., 2006), and the relative
importance of each contributes to the adaptive capacity of lobster to respond to environmental
change (e.g., Steneck & Wahle, 2013; Goode et al., 2019). We demonstrated that although
temperature plays an important role in lobster demography, depth operates as a comparatively
stronger demographic bottleneck for benthic settlement (Appendix 4-1). This is especially
evident when comparing patterns of lobster density across distinct oceanographic and thermal
boundaries (Figure 4-1, 4-2). These results highlight the importance of characterizing the
interactive effects of the ocean environment on key life-history processes, especially at the scale
of oceanographically distinct regions which contribute to the predominant constraints to local
demography.
Successful benthic recruitment of lobster is driven by hierarchical relationships linking
lobster behavior, ecology, and local oceanography. Settlement is sequentially controlled by larval
availability, propensity to settle, and available nursery habitat (Palma et al., 1999). We isolated
propensity to settle from larval availability and nursery habitat effects by standardizing lobster
densities annually and utilizing collectors with identical settlement substrate. Propensity to settle
occurs when lobsters become physiologically competent in the fourth instar stage, exhibit
negative phototaxis, and initiate sounding behavior to the seabed (Botero & Atema, 1982; Annis,
2005; Figure 4-4). Thermocline depth and seabed temperatures have been shown to modulate the
pelagic distribution and benthic settlement patterns of postlarvae (Boudreau et al., 1991;
Boudreau et al., 1992; Annis, 2005; Annis et al., 2013), but depth has been explored to a lesser
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degree. The studies contending thermally-mediated control to settlement propensity were
conducted over depths not exceeding 30 m or in artificially created systems (Boudreau et al.,
1991; Boudreau et al., 1992; Annis, 2005; Annis et al., 2013). While these studies demonstrated
important physiological and behavioral constraints by temperature to settlement propensity, it’s
likely that the shallow depths of the studies precluded the identification of depth as a greater
controlling factor. Consistent with our observations, the precursor of this study demonstrated
interactive effects of temperature and depth to settlement patterns, but attributed the causal
mechanisms as the strength and depth of the thermocline (Wahle et al., 2013). We were able to
distinguish depth versus thermal effects by removing the interannual and spatial variability in
settlement density and specifically investigate the interactive effects of abiotic conditions to
depth-wise patterns of lobster recruitment.
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Figure 4-4. Conceptual diagram of the hierarchy and demographic bottlenecks of juvenile
American lobster recruitment.

We utilized settlement patterns from two oceanographically distinct regions spanning
depths from 5 to 71 m and found that large-scale settlement patterns are best explained by depth.
Depth drives significant diminution of settlement irrespective of temperature (e.g., the northeast),
but temperature acts to diminish settlement patterns concurrently with depth (e.g., the southwest;
Figure 4-2). These results suggest that settlement propensity is controlled hierarchically, first by
depth and then by temperature (Figure 4-4). Depth is behaviorally regulated in many decapod
larvae and can control the length of time spent searching for recruitable habitats (Sulkin 1984;
Anger, 2001; Annis, 2005) while temperature presents many physiological limits to lobster
biology and ecology, including the time spent searching for nursery habitats (Wahle & Steneck,
1991; Annis, 2005; Annis et al., 2013). While we acknowledge that temperature plays an
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important role in settlement propensity, we contend that depth is the primary demographic
bottleneck. Necessarily, depth must be the first demographic constraint to overcome for settling
lobster because postlarvae must overcome the depth of the water column before benthic thermal
conditions can even be encountered. In shallow strata depth is of little to no consequence, so
patterns of biogeography follow patterns of thermogeography, but in deeper strata depth must be
overcome before benthic thermal conditions further constrain settlement. Our results do not aim
to refute previously identified temperature-settlement patterns, but rather attempt to expand our
understanding on the breadth of patterns influencing lobster settlement dynamics.
Unraveling the importance of distance from shore to patterns of lobster settlement
remains difficult due to larval supply dynamics and co-variance with depth. Propensity to settle
is predicated by the need for competent postlarvae, thus making it a crucial component of benthic
recruitment (Palma et al., 1999). Habitat suitability and trawl survey reported densities have
tracked an offshore shift in spawner biomass within the GoM over the past 40 years (Tanaka &
Chen, 2016; Tanaka et al., 2019; Tanaka et al., 2020), suggesting that larval supply may also be
following this trend. Wind-driven advection also plays an important role driving spatial variation
in larval supply and settlement patterns. Coastline topography generates heterogeneity in juvenile
lobster distributions (Incze & Wahle, 1991), and higher vertical distributions of postlarvae in the
water column contribute to greater wind-driven advection offshore, potentially negating the
argument of larval availability effects on settlement patterns (Xue et al., 2008). We found that
when distance from shore is strongly disconnected from depth it no longer remains a significant
predictor of recruitment (Figure 4-3, Appendix 4-1), pointing towards its significance being
driven by covariance with depth. Additionally, the higher seabed slope in the northeast indicates
that recruitable mid and deep strata sites are closer to shore compared to the southwest,
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potentially contributing to the higher settlement rates observed at these sites. While we cannot
fully account for the spatial or interannual variability of competent postlarvae, we attempted to
minimize the bias it introduces via data standardization and offer a mechanistic explanation
behind its variable predictive power to patterns of benthic recruitment.
Pre- and post-settlement survival is influenced by predation risk, habitat quality, and
body size (Morgan, 1995; Wahle, 2003). Time spent in the plankton is thermally regulated
(MacKenzie, 1988), and long planktonic durations increase the total mortality from various
natural effects, including predation (Morgan, 1995; Xue et al., 2008; Chassé & Miller, 2010).
Predator size scales positively with the upper size limit of the potential prey (Wahle & Steneck,
1992; Steneck, 1997; Steneck & Carlton, 2001), and the smaller size-distribution of fish
nearshore constrains attack rates to lobsters smaller than 20mm CL (Wahle & Steneck, 1992).
Settling lobster, therefore, are unique in that they must overcome pelagic and benthic predators
while simultaneously searching for suitable nursery habitats. Optimal survival would come from
minimizing larval duration, time spent sounding to the seafloor, and time spent searching for
complex substrate to protect from benthic predators (Annis, 2005). However, advection offshore
would increase larval duration due to colder temperatures, increase the depth and time spent
sounding to the seafloor, and decrease the probability of finding cobble nursery habitats (Kelley,
1987; MacKenzie, 1988; Xue et al., 2008; Goode et al., 2019). While not a direct test, our results
of declining settlement with depth are likely partially due to increased pre-settlement mortality
rather than post-settlement predation (Wahle et al., 2013). Although deeper, offshore habitats
pose additional challenges to mortality, sounding behavior and occupation of habitats in the
lower photic zone could potentially reduce predation due to less efficient foraging success by
visual predators (Cobb & Wahle, 1994). To be sure, the utilization of habitats is favorable
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nearshore, but the long-term contribution of offshore settlement is unclear due to complicated
biotic and abiotic processes influencing mortality.
In changing environments the relationships influencing biogeographic patterns can
undergo rapid shifts, altering the relative importance of atmospheric and oceanographic
phenomena (Litzow et al., 2018). Thermogeography in the GoM has undergone rapid shifts in
recent decades due to the increased influence of warm Gulf Stream water and reduced inflow
from the Labrador Current, warming this region faster than most of the world’s ocean (Pershing
et al., 2015; Friedland et al., 2020; Gonçalves Neto et al., 2021). These patterns largely
benefitted the American lobster in the early 2000s by relaxing demographic bottlenecks that once
constrained settlement and led to an amplification of the population northeastward (Le Bris et al.,
2018; Goode et al., 2019). These temperatures play a large role in lobster life histories and will
continue to influence the trajectory of this economically important fishery as this system
continues to warm (Saba et al., 2016; Le Bris et al., 2018; Pershing et al., 2018). Harmful
thermal conditions are reducing available nursery habitats in southern New England in concert
with expanding prevalence and severity of epizootic shell disease (Castro et al., 2006; Steneck et
al., 2011; Wahle et al., 2015). Recruitable thermal habitats are shifting away from their thermal
optima, potentially contributing to reductions in inshore recruitment patterns which portend
landings declines in the near- and long-term (Le Bris et al., 2018; Oppenheim et al., 2020).
However, the bathymetric patterns of the GoM present a potentially unique adaptation for lobster
in the face of climate change, expansion to greater depths. Adult lobsters are shifting farther
offshore (Tanaka & Chen, 2016; Tanaka et al., 2019; Mazur et al., 2020; Tanaka et al., 2020),
and the adaptive capacity of lobster may be predicated by how well adult and settling lobster can
utilize these deeper, offshore habitats (Incze et al., 2010; Goode et al., 2019). This contrasts with
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southern New England where the gradual shelf slope does not provide extensive thermal refuge.
Expansion to greater depths in the GoM may offset observed declines in diver-based surveys of
YoY lobster (Goode et al., 2019), but it must be put within the context of habitat availability,
settlement propensity, predation effects, and local oceanography.
The factors responsible for organism behavior and distribution are intimately tied to local
oceanographic features, and understanding their relative importance is crucial in assessing
adaptive strategies to ecosystem change. We demonstrated that although temperature plays an
important role in lobster demography and life history processes, depth plays a hierarchical role in
modulating the benthic recruitment success of new settlers. Regional oceanographic differences
affect the relative importance of depth and temperature on settlement, creating contrasting
patterns of recruitment and highlighting the need to incorporate fine-scale processes in
population modeling. We suggest that deeper habitats in the northeastern GoM contribute more
to benthic settlement compared to those in the southwest by virtue of a well-mixed water column
and relaxed thermal control on settlement propensity. Only considering temperature change
without understanding the underlying habitat constraints will skew how we anticipate climate
change influence on important fisheries, highlighting our need to better characterize how key life
history processes are affected by regional abiotic factors and identifying mechanisms by which
these processes operate.
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CHAPTER 5 - THERMALLY MEDIATED SETTLEMENT DILUTION
5.1 Abstract
Ocean warming can drive poleward shifts of commercially important species with
potentially significant economic impacts. Nowhere are those impacts greater than in the GoM
where North America’s most valuable marine species, the American lobster (Homarus
americanus Milne Edwards), has thrived for decades. However, concerns are growing as
monitored shallow water young-of-year lobsters decline and landings shift to the northeast that
the regional maritime economies will suffer. We examine how the interplay of ocean warming,
tidal mixing, and larval behavior results in rapid and dynamic changes in postlarval lobster
recruitment. Since the 1980s lobster stocks have increased fivefold. We suggest this increase
resulted from a complex interplay between lobster larvae settlement behavior, climate change,
and local oceanographic conditions. Specifically, postlarval sounding behavior is confined to a
thermal envelope above 12˚C and below 20˚C. The availability of these critical thermal habitats
varies heterogeneously over the oceanographically distinct regions within the GoM. Summer
thermally-stratified surface water in southwestern regions have historically been well within the
settlement thermal envelope. Although surface layers are warming fastest in this region, the steep
depth-wise temperature gradient caused thermally-suitable areas for larval settlement to expand
only modestly. This contrasts with the northeast where strong tidal mixing prevents thermal
stratification and recent ocean warming has made an expansive area of seabed more favorable for
larval settlement. Recent declines in lobster settlement densities observed at shallow monitoring
sites correlate with the expanded area of thermally-suitable habitat associated with warmer
summers. This leads us to hypothesize that the expanded area of suitable habitat may help
explain strong lobster population increases in this region over the last decade and offset potential
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future declines. It also suggests that the fate of fisheries in a changing climate requires
understanding local interaction between life-stage-specific biological thresholds and finer scale
oceanographic processes.

5.2 Introduction
Global climate change is an information dense, but deceptively complicated phrase. Most of the
world's oceans are warming, but patterns in the distribution, abundance, and rate of warming
varies in space, time, and in ways that can have profound effects on marine organisms (Kleisner
et al., 2016; Pinsky et al., 2013). Several studies have recorded the "climate velocity" of the net
poleward shifts in the distribution of marine organisms that are commercially-fished (Nye et al.,
2009; Pinsky et al., 2013) or ecologically important to marine ecosystems (such as coral reef
fish; Verges et al., 2014, and kelp forests; Wernberg et al., 2010). However, to assess the effects
of ocean warming requires understanding how those aspects of climate change affect organisms
where they live. Most studies use trends in sea surface temperature (SST) as a convenient and
important measure of local warming (e.g., Pershing et al., 2015), but such remote sensing metrics
may not be indicative of exposure for organisms with key life history processes occurring on or
near the seabed. Such is the case of the northwest Atlantic coastal and shelf waters where
thermal properties of sea temperature vary dramatically in time and space (Kavanaugh et al.,
2017).
We focus on the American lobster (Homarus americanus Milne Edwards) because it is
the most valuable single-species fishery in North America, with a combined value of more than
$US 1.67 billion in 2016 (NMFS, 2021; DFO, 2021), and it is also one of the best studied
organisms in the world. Almost a century ago, Huntsman (1923) surmised that despite thriving
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lobster fisheries, the absence of juvenile lobster in the Bay of Fundy and northeastern GoM could
be attributed to the colder waters preventing larval development and settlement. Studies over the
last three decades determined that the demography of this species is driven by the successful
settlement of its pelagic postlarval stage on the seabed (Barshaw & Bryant-Rich, 1988;
Boudreau, Bourget, & Simard, 1990; Boudreau et al., 1991; Cobb et al., 1983; Incze & Wahle,
1991; Palma et al., 1999; Steneck, & Wilson, 2001; Wahle & Incze, 1997; Wahle & Steneck,
1991). More recently, field observations by Annis (2005) determined that postlarvae sounding
behavior is restricted to temperatures warmer than 12 oC (i.e., the "thermal threshold" sensu
Annis 2005), an observation consistent with subsequent deep-water settlement surveys (Wahle et
al., 2013).
Thermal thresholds act in ways that directly impact species fitness and demographic
processes. The 12 °C threshold for lobster indicates a point at which colder temperatures induce
lethal (e.g., irregular respiration and heartbeat; Quinn, 2017) and sub-lethal (increased time spent
in the plankton; MacKenzie, 1988, behavioral avoidance and decreased size at molt; Annis,
Wilson, Russell, & Yund, 2013) effects. Small temperature changes about this threshold
correspond with large changes in survival and settlement which decouples larval supply from
settlement patterns (Annis et al., 2013). Thus, the 12 °C threshold can act as an ecological barrier
to larval transport (Tilburg et al., 2012) and survival. Ocean warming therefore has the potential
to significantly impact the distribution and survival of lobster larvae. This is especially the case
in the GoM where end-of-century projections suggest an expanded area and time the seabed
spends above the thermal threshold (Rheuban et al., 2017).
Here we examine the inter-relationships of seabed temperatures along the
oceanographically distinct GoM and how they relate to lobster demography after larval
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settlement. Specifically, we suggest that the combination of thermally mediated sounding
behavior of lobsters, particularly in areas susceptible to ocean stratification, decouples the easily
measured SST from the more relevant bottom temperatures. This not only paints a different
picture of how ocean warming may affect the distribution and abundance of the American
lobster, but it also alters how we interpret decades of young-of-year (YoY) settlement data that
has consistently declined for approximately a decade in the GoM. At stake is whether the single
most valuable fisheries species in North America is on a trajectory of decline.

5.3 Methods
5.3.1 Study area
The GoM (Figure 5-1A) is a semi-enclosed continental shelf sea that is bounded by Cape
Cod, Massachusetts, USA, and Nova Scotia, Canada (Figure 5-1A). It has supported some of the
most productive fisheries in the world; most notably groundfish (e.g., Atlantic cod; Alexander et
al., 2009), ocean scallop (MDMR, 2021; NMFS, 2021), and lobster (MDMR, 2021; NMFS,
2021; DFO, 2021). Currently, the American lobster supports the most valuable fishery in the US
and Canada, and 90% of the US production comes from the GoM (NMFS, 2021). The region’s
high biological productivity (Bigelow, 1926; O’Reilly & Busch, 1984) derives from nutrient
rich, deep slope water (Townsend et al., 2006) and Scotian Shelf water (Townsend, 1997; 1998)
flowing into the GoM near Nova Scotia. After these waters enter the GoM, the Eastern Maine
Coastal Current is generated by cyclonic baroclinic circulation directing water towards the Bay
of Fundy (Brooks, 1985; between New Brunswick and Nova Scotia), intense mixing due to some
of the world’s largest and strongest tides (Townsend et al., 2006), flow along the coast of eastern
Maine, and an offshore plume just prior to Penobscot Bay (Bisagni et al., 1989; Pettigrew et al.,
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1998; Townsend et al., 1987). Southwestward of Penobscot Bay, the Western Maine Coastal
Current is generated by freshwater discharge from rivers aided by winds and cyclonic baroclinic
circulation (Bigelow, 1927; Brooks, 1985; Fong et al., 1997; Franks & Anderson, 1992). These
two current systems act to divide the coast of the GoM into northeastern and southwestern
sectors, each having unique physical characteristics; colder and well mixed to the northeast,
warmer and stratified to the southwest.

Figure 5-1. A: Southwest and northeast and Gulf of Maine. Black dots: survey locations of the
American lobster settlement index. Black stars: NERACOOS buoy locations. Inset: East
coast of the United States. B: Phases of Maine’s lobster fishery 1950 to 2017: Stasis
(1950-1988), linear growth (1989-2008), geometric growth (2009-2013). C: Southwestnortheast differences of the Gulf of Maine lobster landings per length of coastline (19902016). Since 1990 landings in the southwestern Gulf of Maine have increased gradually,
but have increased rapidly in the northeast, especially since 2008. Solid lines denote
three-year moving block average.
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5.3.2 Lobster landings
The State of Maine lobster fishery has one of the longest time-series of lobster landings in
the world going back to 1880 (MDMR, 2021). To the extent that landings (integrated over
several years) are a reliable predictor of lobster population size (Steneck & Wilson, 2001), these
historical data help us identify population trends over the past century. Maine landings were used
to identify the timeframe over which landings have changed. To compare landings trends from
areas with very different coastline lengths along the coast of the GoM, landings over this
timeframe were standardized per unit length of coastline (e.g., Steneck & Wilson, 2001).
Specifically, we incorporated landings data from Canadian lobster fishing area 36 (DFO, 2021),
Maine state lobster management zones (MDMR, 2021), New Hampshire (NMFS, 2021), and
Massachusetts Division of Marine Fisheries zones 1-5 (T. Pugh – Massachusetts Division of
Marine Fisheries, pers. comm., 2018). Coastline length was determined by ArcGIS.

5.3.3 Characterizing Thermal Habitat
Many recent studies necessarily use SST to characterize temperature exposure of benthic
organisms. In this study, we used numerical model output that assimilates SST but has the
advantage of using local bathymetry and explicitly incorporates tidal mixing to improve bottom
water temperature estimates. NOAA’s Northeast Coastal Ocean Forecasting System (NECOFS;
an implementation of the Finite Volume Community Ocean Model (FVCOM)) was used to
estimate year-to-year variability in the area of thermally suitable seabed for lobster settlement.
NECOFS is a three-dimensional ocean circulation model co-developed by the University of
Massachusetts-Dartmouth and the Woods Hole Oceanographic Institution (Chen et al., 2006).
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NECOFS is well suited to simulate geophysical marine environments characterized by complex
coastlines due to its flexibility in mass conservation, triangular grid geometric flexibility, and
computational efficiency (Chen et al., 2006). In this study the NECOFS FVCOM-G3 grid was
employed. The unstructured NECOFS FVCOM-G3 grid provides a horizontal resolution ranging
between ~20 m inshore and ~10 km at the model open-boundary (Chen et al., 2006). Hourly
bottom temperature data are modeled at 48,451 nodes and demonstrate a high reliability to
predict bottom water temperatures (Li et al., 2017).
Daily bottom temperature output was collected during the lobster settlement season
(August – October) from 1978 – 2015. Daily bottom temperatures were averaged over the lobster
settlement season (August – October) per grid node per year. Average grid temperatures were
calculated as the average seasonal temperature of the grid’s nodes. The area of bottom habitat per
grid were determined by using node depth via the USGS 15-arcsec digital bathymetry dataset
(Roworth & Signell, 1998) and using Heron’s formula:
𝐴𝑟𝑒𝑎 = √𝑠(𝑠 − 𝑎)(𝑠 − 𝑏)(𝑠 − 𝑐)
𝑠=

𝑎+𝑏+𝑐
2

Where a, b, and c are the side lengths, and s is the semiperimeter of each triangular grid. Average
bottom temperatures of all nodes with average depths between 0 – 25 m, 25 – 50 m, and 50-100
m were calculated per year. The least-squares regressions were determined per node and a oneway ANOVA was used to determine significant differences in warming rate per depth stratum.
The annual bottom areas of suitable thermal habitat (>12 °C; Annis, 2005) were determined for
the northeastern and southwestern GoM.
We also used data from Northeastern Regional Association of Coastal Ocean Observing
Systems (NERACOOS) buoys to evaluate the relationship between observed surface and bottom
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temperatures in the northeastern and southwestern GoM. As a component of NERACOOS, the
University of Maine Physical Oceanography Group develops, operates, and manages the GoM
buoy array that was founded in 1999 as the GoM Ocean Observing System. Data were collected
from two buoys that are approximately equidistant from the mouth of Penobscot Bay (I01:
Northeast of Penobscot Bay, LAT: 44.10, LON: -68.10 and E01: Southwest of Penobscot Bay,
LAT: 43.71, LON: -69.35). These locations were chosen because they represent the stratification
differences between the two regions in the GoM. We compared daily average surface (1 m) and
bottom (50 m) water temperatures over the lobster settlement season (August-October) from
2001 – 2017. The least-squares regression of surface-to-bottom temperatures and a two-tailed ttest assuming unequal variances on the mean surface-to-bottom temperature differences were
performed to determine water column thermal structure and the magnitude of the southwest-tonortheast difference. We also compared daily surface (1 m) and bottom (50 m) buoy
temperatures to modeled NECOFS temperatures at the nearest corresponding sigma layer depth
by least-squares regressions from 2001-2015.

5.3.4 The American Lobster Settlement Index
The American Lobster Settlement Index (ALSI) is an annual monitoring program that
quantifies settlement densities of YoY lobster across New England and Atlantic Canada. ALSI
was initiated in 1989 at a few sampling locations in mid-coast Maine (Incze & Wahle, 1991) and
has since expanded to more than 100 sites ranging from Rhode Island, USA, to Newfoundland,
CAN sampled either by diver-based suction sampling (Incze & Wahle, 1991; Wahle & Steneck,
1991) or by passive postlarval collectors (Wahle et al., 2009; Wahle et al., 2013). The GoM
time-series used in this study was entirely generated by the diver-based method. Sampling is
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conducted at the end of the settlement season in September and October. YoY lobster densities
are an indicator of lobster year class strength (Incze & Wahle, 1991; Incze et al., 1997; Wahle &
Incze, 1997) and have been used to predict trends in fishery recruitment (Oppenheim, 2016;
Wahle et al., 2009).
Annual YoY settlement densities were averaged over all sampling sites for the
northeastern and southwestern GoM. To minimize bias introduced by the increasing number of
sites sampled as ALSI expanded its geographic range, YoY settlement data in this study were
only used from years (2000 – 2015) when the number of sampling sites exceeded half the
maximum number of sampling sites per region in the GoM (17 in the northeastern GoM; 41 in
the southwestern GoM; Appendix 5-1).

5.3.5 Thermal habitat and YoY settlement
We reasoned that if the area of thermally suitable seabed varied in time, interannual
variability in YoY density alone could misrepresent the true time trend in lobster year class
strength. One consequence of expanding habitat could be that larval settlement spreads over a
larger area with correspondingly reduced densities while extrapolated abundances may be stable
or even increasing. We refer to this as the “thermally mediated dilution hypothesis.” As a partial
test of that hypothesis, we evaluated the relationship between the area of seabed warmer than 12
°C (from NECOFS) and YoY lobster density. For each region we conducted least-squares
regressions between NERACOOS SST vs YoY density, NERACOOS bottom temperature vs
YoY density, NECOFS SST vs YoY density, NECOFS bottom temperature vs YoY density, and
seabed area >12 °C vs YoY density using annual values and three-year moving block averages
from 2000 – 2015. Three-year moving block average values were used in an attempt to minimize
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the influence of other elements on inshore lobster settlement patterns, including (a) biotic factors
modulating larval supply (Xue et al., 2008), copepod (Carloni et al., 2018) and demersal fish
abundance (Wahle et al., 2013) effects on natural mortality of pre- and post-larvae,
spatiotemporal variability of competent larvae and suitable thermal habitat, proximity to land
boundaries (Steneck & Wilson, 2001), sediment availability and use, and fixed station sampling
that may under-represent annual lobster recruitment (Li et al., 2015).
We estimated the depth over which lobster settlement is relatively homogenous by reanalyzing data from Wahle et al. (2013). Our analysis focused on data from the northeastern
GoM where temperature was uniform across depths and was unlikely to influence depth-wise
patterns of settlement. We standardized annual settlement densities over the three depth strata (025, 25-50, and 50-100 m) to shallow settlement densities over the study period (2007-2008). We
then performed a one-way ANOVA and Tukey-Kramer post-hoc test to determine the depth at
which settlement density significantly deviated from shallow settlement densities. Based on this
analysis, we chose 50 m as the limit for the relatively uniform distribution of YoY lobster over
suitable thermal habitats (Appendix 5-2).

5.3.6 Extrapolating YoY settlement over thermally suitable habitats
On the strength of the inverse relationship between YoY density and area of thermally
suitable habitat, we generated two indices of YoY abundance, which extrapolate YoY density
over areas of thermally suitable seabed in different ways. The first assumes uniform settlement
across depths shallower than 50 m (Wahle et al., 2013; see above). In this case extrapolated
recruitment, R, was taken as the product of YoY settlement density, ρ, from shallow diversampled locations and the area, A, of thermally suitable sea bed subject to temperatures >12 °C:
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𝑅 =𝜌⋅𝐴
The second scales YoY settlement density across three depth strata (0-25, 25-50, and 50-100 m)
and further adjusts it for the availability of suitable geological substrate:
3

𝑅′ = ∑(𝐷𝑧 ⋅ 𝐻𝑧 ⋅ 𝜌 ⋅ 𝐴𝑧 )
𝑧=1

where R’ is the extrapolated YoY recruitment, Z is depth strata (1=shallow; 0-25 m, 2=mid; 2550 m, and 3=deep; 50-100 m), D is the depth scaling factor, H is the habitat scaling factor, ρ is
inshore YoY lobster density, and A is the bottom area of thermal habitat >12 °C. We determined
the depth scaling factor using a least-squares regression of deep-water settlement data taken from
Wahle et al. (2013); see above (Appendix 5-2). On the basis of prior research, we assumed rocky
substrate to be the most suitable shelter-providing settlement habitat and therefore further scaled
our YoY recruitment estimate according to the availability of that habitat. Toward this end we
linearly interpolated the coverage of rocky habitat from the US. Geological Survey east-coast
surficial geology database (USGS, 2014) onto the NECOFS grid (Appendix 5-3). Since relative
settlement success is not known for alternative habitat types (Chassé & Miller, 2010), we
assumed binary recruitment success: whereby the proportion recruited onto rocky habitat is 1 and
non-rock habitat is 0.

5.4 Results
Lobster landings increased over the past 30 years which led the GoM lobster fishery to
attain its record status in the US as the most valuable single-species fishery (NMFS, 2021; Figure
5-1). Maine’s historical landings trend since 1950 has three distinct phases (Figure 5-1B). First,
protracted stasis from 1950 to the 1980s with landings around 10,000 MT. Then a linear increase
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in landings until about 2008; after which landings increased geometrically to about 60,000 MT
(Figure 5-1B).
However, the northeast and southwest sectors (Figure 5-1A) showed distinctively different
trajectories in landings on a per unit coastline basis (Figure 5-1C). In the early 1990s, the
southwest region landed four times as many lobsters per unit length coastline as the northeast. At
that time, landings in both entered a linear growth phase (~1989 – 2008). Northeastern landings
grew much faster than southwestern landings during this phase so that by ~2007 landings per
unit coastline were similar in northeastern and southwestern Maine. Soon thereafter, the
northeastern coastal fishery entered a phase of geometric growth, greatly surpassing landings in
the southwest even as they continued to grow, so that by 2015 the northeastern landings per unit
coastline were 80% higher than in the southwest (Figure 5-1C).
Northeast-southwest differences in thermal regime, water column structure, and ocean
warming are largely driven by differences in the degree of vertical mixing (Figure 5-2). Summer
maxima in the northeastern GoM typically ranges from 11-13 °C uniformly across all depths to
100 m, whereas in the southwestern GoM summer temperatures may reach 16-18 °C at the
surface, but only 7-8 °C at depths >50m. Average summer temperatures from 0 – 25 m have
exceeded the 12 °C lobster settlement threshold in both regions; however, warming trends
suggest that this has occurred only recently (~1980s) in the northeastern GoM. In contrast,
temperatures between 25-50 m in the northeast were considerably warmer than the southwest
and reached the 12 °C settlement threshold starting in 1999-2000. At depths between 25-50 m
temperatures have warmed at similar rates between the southwest and northeast. However,
bottom temperatures have warmed considerably faster between 50-100 m in the northeast
causing the seabed to approach the 12 °C settlement threshold sooner than the southwest (F5, 6981
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= 32.29, p < 0.001; Appendix 5-4). Modeled surface-to-bottom temperature differences are
further corroborated by in-situ buoy measurements that are significantly linearly related
(Appendix 5-5). Water column temperature differences are significantly higher in the southwest
(M = 4.1, SD = 3.0) compared to the northeast (M = 1.6, SD = 1.1); t20,20 = 31.1, p < 0.001.
Modeled and in situ data both show that strong summer stratification in the southwestern GoM
restricts warming to the upper water column causing bottom waters to remain cold (Figure 5-2B)
and warm at a slower rate (Figure 5-2A). By contrast, the northeastern GoM is well mixed
causing surface and bottom water temperatures to converge (Figure 5-2B) and warm at similar
rates (Figure 5-2A).
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Figure 5-2. Two ways of viewing southwest-northeast differences in the Gulf of Maine’s
thermal regime and warming. A: FVCOM-modeled Aug.-Oct. bottom temperatures
1985-2015 and rates of change in two depth zones. Solid red line: 12 °C threshold.
Dashed lines: least-squares regressions. Regression statistics can be found in Appendix 57. B: Relationship between observed surface (1 m) and bottom (50 m) temperatures at
NERACOOS buoys in southwestern and northeastern Gulf of Maine, 2001 – 2017.
Southwest: Y = -0.256x + 13.9, N = 1524, R2 = 0.18, p < 0.001, Northeast: Y = 0.467x +
4.9, N = 1556, R2 = 0.22, p < 0.001. Black dotted line: 1:1 relationship; when points fall
on that line, the water column is well mixed. Red dashed line: 12 °C threshold. Inset:
Interpretation of how east and west summer temperature profiles change in a warming
ocean (black arrow).
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The area of seabed exposed to temperatures warmer than 12 °C has changed over the past
decade and a half. In both regions, this area declined from 2000 to 2007, increased from 2007 to
2012, and declined again from 2012-2015 (Figure 5-3). The range of habitat area warmer than 12
°C is greatest in the northeast compared to the southwest. However, the magnitude of this
difference depends on the depth to which thermal habitats are considered (Appendix 5-6). The
northeast has significantly higher variances, at the 0.05 level, of the area of seabed warmer than
12 °C from 2000-2015 for regions shallower than 25 (F15,15 = 2.66, p = 0.03) and 100 m (F15,15 =
3.64, p = 0.01), but is marginally insignificant for regions shallower than 50 m (F15,15 = 2.25, p =
0.06). In the southwestern GoM, because of the steep thermocline, habitat area dynamics were
limited to a limited range of depths. In the northeastern GoM, vertical mixing and increased
susceptibility in offshore boundary heat flux dynamics (Mountain, Strout, & Beardsley, 1996),
increased the suitable thermal habitat resulting in both a northeastward and depth-wise
expansion. In both regions of the GoM, we found significant negative correlations between the
area of seabed warmer than 12 °C and YoY density (Figure 5-4; southwestern GoM: R2 = 0.60, p
= 0.001, n = 14, northeastern GoM: R2 = 0.61, p = 0.001, n = 14) indicating that periods of high
habitat availability correlate with periods of low settlement density. The slopes of these
relationships were not statistically different between regions; t (24) = 1.31, p = 0.20. The strength
of the inverse relationship between the area of seabed warmer than 12 °C and YoY density was
relatively constant when regressions were performed on thermal habitats 0-25, 0-50, and 0-100
m (Appendix 5-7). Similar inverse relationships between surface and bottom temperatures to
settlement density were found indicating that periods of warmer ocean temperatures correspond
with periods of low settlement density (Appendix 5-8).
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Figure 5-3. Estimated bottom habitat with temperatures >12 °C (km2) shallower than 50 m in the
southwestern and northeastern Gulf of Maine between 2000 and 2015 from NECOFS
modeled bottom temperatures. Inset maps compare the area of seabed subject to
temperatures >12 °C during a cool year (2004) and a warm year (2012) in the two areas.
Black dots on maps are American lobster settlement index sampling locations. Solid lines
denote three-year moving block average.
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Figure 5-4. Relationship between thermal habitat area (km2) and young of year lobster densities
(N m-2) in the southwestern and northeastern Gulf of Maine. Southwestern Gulf of
Maine: Y = -3.74x10-4x + 1.47, N = 14, R2 = 0.60, p = 0.001. Northeastern Gulf of
Maine: Y = -5.86x10-4x + 2.11, N = 14, R2 = 0.61, p = 0.001. Three-year moving block
average values were used.

The YoY lobster time-series with and without expanded habitat give alternative views of
settlement trends, and thus have important implications for year class strength (Fig. 5). We start
in 2000, the year greater than 50% of the current monitoring sites are represented. In the
southwestern GoM, unadjusted YoY densities rose slightly to a high in ~2005-2007 before
declining about four-fold to a time-series low in 2015 (Figure 5-5A). Incorporating expanded
thermal habitat offsets those declines and implies YoY abundance has remained relatively stable
in the southwestern GoM through 2010, rose sharply in 2011, and then fell to time-series lows
after 2013 (Figure 5-5B,C). Both extrapolated YoY abundances follow this trend, but the
magnitude of the 2011 peak and time-series average are 30% and 20% lower, respectively, in the
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depth and substrate scaled model. Attention should also be given to the 2011 peak as it falls
outside 3x the interquartile range of the time-series for both models, typically characteristic of an
extreme outlier (Tukey, 1977); however, similar extreme recruitment events are common in
marine populations (e.g., Hjort, 1914). In the northeastern GoM, YoY densities rose sharply
from 2000 to sustained high levels ~2005-2008, roughly twice the peak levels in the
southwestern GoM. Subsequently, northeastern ALSI declined sharply ten-fold to a time-series
low in 2013 (Figure 5-5A). Incorporating thermal habitat expansion generates two peaks in
abundance, one near 2005 and another in 2012, followed by a decline to near the time-series
average by 2015 (Figure 5-5B,C). Both extrapolated YoY abundances follow this trend;
however, the depth and substrate scaled model produces a 21% lower time-series average, 24%
lower 2012 peak, 16% lower 2005 peak, and a maximum value occurring in 2005 rather than
2012. In effect, extrapolating densities over the area of thermally suitable habitat advances timeseries highs and in the northeastern GoM it reduces the magnitude of potential decline from tento two-fold.
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Figure 5-5. Implications of expanded habitat for lobster settlement. (a) Reported mean densities
of young‐of‐year (YoY) lobster ≤10 m from 2000 to 2015 in the southwestern and
northeastern Gulf of Maine. (b) Extrapolated abundance of YoY lobster uniformly
distributed over suitable thermal habitats ≤50 m. (c) Extrapolated abundance of YoY
lobster over suitable thermal habitats ≤100 m taking into account depth‐dependent
scaling of inshore (≤10 m) YoY densities and rocky habitat availability. Solid line
denotes the 3-year moving block average. Dashed line denotes time‐series average

5.5 Discussion
We illustrated that lobster landings have been increasing for decades with the greatest
expansion in northeastern Maine (Figure 5-1C). This is consistent with studies of climate
velocities attributed to rising ocean temperatures (Pinsky et al., 2013) and contrasting rates of
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landings increase in the GoM. However, often, the mechanisms driving these changes in
distribution are unknown or difficult to quantify. SST, used in most studies of climate-fisheries
interactions (e.g., Pershing et al., 2015), offer generalized trends in ocean conditions. It is only
when we couple these trends to biological thresholds that we get closer to process-level
understanding and improve our predictive capability. We considered warming in the context of
thermally mediated lobster settlement behavior (Annis, 2005). It is influenced by the strong tidal
mixing in the northeast region of the GoM (Figure 5-2), and we offer a mechanistic explanation
for an economically important species that has been shown to have settlement driven
demography (e.g., Incze et al., 1997; Palma et al., 1999; Wahle et al. 2013; Wahle & Incze
1997).
We demonstrated that the impacts of climate change are spatially variable in the GoM
due to local oceanographic conditions that change the susceptibility of nearshore areas to
warming. Northeastern GoM warming is largely uncoupled to synoptic conditions due to strong
tidal mixing (Mountain et al., 1996), and is most likely driven by offshore advective components
of heat flux. However, interannual variability in surface heat flux in southwestern GoM is highly
correlated with local heat flux due to the importance of stratification in this region (Figure 5-2).
These local oceanographic conditions have resulted in uneven warming rates across the GoM
and the degree to which warming influences the seabed (Kavanaugh et al., 2017; Figure 5-2).
Consequently, thermogeographic patterns of YoY lobster recruitment have followed the patterns
of benthic warming.
Recent seabed warming in the northeastern GoM has surpassed the lower physiological
threshold for lobster settlement and rapidly expanded the suitable thermal habitat for lobster
northeastward (Figure 5-3). By virtue of a well-mixed water column, warming has made a larger
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range of depths more suitable for juvenile lobster in the northeastern compared to the
southwestern GoM. We suggest that the expanded thermal habitat may have played a significant
role in the unprecedented surge in landings in the northeastern GoM and could explain the
decline in settlement density at shallow water monitoring stations as the area of thermally
suitable seabed expanded (Figure 5-4). Thus, cooler than average years (e.g., 2004) and warmer
than average years (e.g., 2012) show a waxing and waning of potential nursery habitat area,
respectively (Figure 5-3). Over the past decade as waters warmed, settlement densities in shallow
areas have declined (Appendix 5-8), but these declines may have been offset by expanded
thermal habitats (Figure 5-3) and increased depth of larval sounding behavior (Annis, 2005). To
the extent that trends in recruitment predict trends in landings, these results suggest an alternate
future for the American lobster fishery, which has been predicted to be on the verge of an
imminent decline due to the decline in the density of observed settlers (Le Bris et al., 2018;
Oppenheim, 2016). Our two methods of estimating newly settled lobster abundance suggest
relative stasis (or a slight increase) in the southwestern GoM and a somewhat more positive
outlook for near term landings in the northeastern GoM than would be suggested simply from
shallow settlement densities.
The YoY recruitment time-series with and without expanded habitat give alternative
views of settlement trends, and thus have important implications for year class strength and stock
assessment. To the extent settlement trends may predict subsequent fishery recruitment (e.g.,
Oppenheim, 2016; Wahle et al., 2009), the unmodified ALSI YoY index suggests an impending
downturn, whereas the index extrapolated over thermally suitable habitat suggests a more
sustained trajectory of high abundance and a delayed downturn. Currently, the ALSI YoY
densities are included in the American lobster stock assessment as an indicator of the health of
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the resource (ASMFC, 2015); however environmental variability such as thermally suitable
habitat is not. Like our findings, incorporating environmental variability into the lobster stock
assessment model impacts estimates of annual recruitment (Tanaka et al., 2019). Thus, it may be
especially important to account for environmental variability and rapid demographic changes
across critical biological thresholds, such as that observed in the northeastern GoM: roughly a
doubling in optimal thermal habitat from 2008 to 2012 (Figure 5-3). Consequently, YoY density
corrections incorporating environmental variability may provide a more accurate representation
of lobster recruitment in a rapidly warming part of the ocean.
Deep-water settlement data obtained by the ALSI research collaborative along New
England and Atlantic Canada from 2007-2008 (Wahle et al., 2013) and 2016-2018 (Wahle,
unpublished) provide corroborating evidence of depth-wise patterns of settlement. They confirm
how strongly depth-wise settlement patterns in the GoM are influenced by the degree of thermal
stratification. In the northeast GoM settlement below 25 m has been on the order of nine times as
high as at the same depth in the southwest. It is therefore more likely that the boom in landings in
the east was amplified by a broader depth-wise component not present in the western GoM.
Regrettably, no deep-water settlement data are available prior to 2007 that might have better
documented the status of settlement patterns in the pre-boom years.
These results, however, fail to directly support or refute the thermally mediated dilution
hypothesis. Observations from ALSI deep-water settlement collectors, ventless trap surveys, and
inshore trawl surveys do not yet provide a direct test of the thermally mediated dilution
hypothesis. Although Maine lobster landings have shown signs of leveling off since 2013,
consistent with the onset of declines in shallow water settlement density after 2008, ongoing
fishery independent surveys, such as ventless trap surveys and inshore trawl surveys have failed
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to reveal declines in sub-legal lobsters that might have been expected to lead the landings
decline. These surveys appear to corroborate an increase in abundance across life stages at
depths exceeding 25 and 50 m (Sherman et al., 2015; Appendix 5-9). However, these methods
may introduce their own biases related to the interaction between warming waters and lobster
catchability causing annual patterns to potentially mis-represent recruitment strength. Continued
multi-life stage monitoring over a full range of depths is therefore necessary to confirm how
settlement and movements of post-settlement stages relate to water column thermal properties.
The thermally mediated dilution hypothesis is not the only potential explanation of
declining recruitment density. Declining reproductive output (Koopman et al., 2015), recruit-peregg ratios (Le Bris et al., 2018), and lipid-rich prey of larvae (Carloni et al., 2018) have been
proposed as mechanisms driving declines in recruitment density under warming conditions.
Consequently, Le Bris et al. (2018) projects that recruitment in a warming GoM will show
widespread declines across the American lobster’s range with only slight increases projected for
the northeastern GoM. The assumption of reduced recruitment naturally leads to the conclusion
that the GoM lobster fishery is on the precipice of an imminent decline (Le Bris et al., 2018;
Oppenheim, 2016). However, these alternative hypotheses may not fully capture patterns of
lobster demography in the GoM. Recruitment patterns predicted from SST alone may
underestimate recruitment in stratified regions where there are significant surface-to-bottom
thermal differences. Additionally, declining per capita egg production could be offset by
increased spawning stock biomass (ASMFC, 2015; Le Bris et al., 2018; Sherman et al., 2015)
facilitated by an increased area of suitable habitat offshore (Tanaka & Chen, 2016). Since the
abundance of stage-one larvae has been shown to be significantly correlated with the abundance
of spawning stock biomass (Carloni et al., 2018) it would stand to reason that stage-one larvae
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have increased alongside spawning stock biomass. However, annual fluctuations in spawning
stock biomass, temperature, spawn timing, and coastal current characteristics may impact the
total amount of competent stage-four larvae transported across suitable recruitment habitats.
Finally, the degree to which larval lobsters are food limited in the plankton is not well
understood (Carloni et al., 2018). Non-linear effects of warming on multiple life stages make
even short-term projections of recruitment exceedingly difficult. However, each effort to do so
highlights processes that merit observation; in this case, determining whether deep-water
settlement can offset nearshore declines in abundance, and how this may affect landings forecast
models.
While seabed warming has had a largely positive demographic effect on lobster in the
GoM, this has not been true for the southern segment of the population. South of Cape Cod,
Massachusetts, USA, entirely different oceanography and thermogeography results in warming
temperatures exceeding the 20˚C upper threshold and has been associated with physiological
stress, rising prevalence of epizootic disease (e.g., Castro & Angell, 2000; Glenn & Pugh 2006),
and with mass mortalities (Pearce & Balcom 2005). The widespread mortality in southern New
England contributed to the reduced reproductive potential and settlement (Wahle et al., 2015).
Southwestern-most parts of the GoM occasionally exceed 20 °C, but these periods are relatively
short in comparison to southern New England where regions can exceed this threshold for over
two months (Wahle et al., 2013). Northeastern parts of the GoM rarely exceed this upper
threshold, and the relatively stable thermal regime may buffer this part of the GoM from lobster
declines related to excessive future warming. Poleward migration of other taxa including
predatory fishes will have unknown impacts on American lobsters (Nye et al., 2009; Wahle et
al., 2013). Nevertheless, our understanding of the role of climate change on marine organism
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distribution requires a better understanding of important details of both the oceanographic and
organism attributes.
Clearly, the role of climate change on the distribution and abundance of organisms is
steadily gaining attention in all sectors from the public to managers and policy makers. Rates of
poleward migration or "climate velocity" of commercially important species has been well
documented (Nye et al., 2009; Pinsky & Fogarty, 2012) and generally conforms to well
established patterns of thermogeography driving biogeography (Adey & Steneck, 2001;
Hutchins, 1948). However, beyond simple patterns of temperature and organism distribution are
complex processes and mechanisms (such as a thermal envelope) driving those patterns. Our
proposed mechanistic explanation of climate velocities incorporates warming in the context of
realized essential habitat (e.g., nursery habitat) and biological thresholds for a commercially
important species. When seabed temperatures exceed the thermal threshold, the probability of
lobster settlement onto previously cooler and uninhabitable areas increased. However,
contrasting stratified and unstratified water masses differentially affects seabed warming and
thus lobster recruitment.
Global models of climate change will continue to provide a valuable coarse-scale view of
the impact of ocean warming on world fisheries, but they do not capture finer scale coastal
processes that surely affect how fishery productivity will play out on a local scale. We
demonstrate here that local oceanography, coupled with non-linear species-specific responses to
warming, may have led to a demographic expansion disproportionate to the relatively small
change in temperature. By virtue of local differences in vertical mixing, the GoM has different
susceptibilities to offshore warming that can lead to differences in future productivity. In the case
of the American lobster, we argue that ocean warming drove a northeastward population surge in

113

the Gulf resulting from an expansion of the area of seabed across a biologically important
thermal threshold for larval settlement. We suggest this northeastward expansion largely
contributed to the historic six-fold increase in lobster harvests that has elevated the fishery to its
high national ranking in value. We therefore argue that the fate of fisheries in a changing climate
requires a better understanding of interactions between local oceanography and species traits.
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CONCLUSIONS

American lobster is perhaps one of the best studied organisms in the world, and the GoM
provides a natural laboratory to highlight the interactions between lobster and the environment
due to its unique oceanography and natural history. Through a combination of direct and indirect
anthropogenic forcing, habitats in the GoM rapidly became more suitable to the American
lobster and facilitated a population surge that elevated lobster as the single most valuable marine
resource in North America. This population surge stimulated an expansion of the GoM lobster
fishery and shifted coastal communities to be perilously reliant on this one species. However,
concern for the future of this fishery has grown because of increased management regulations
associated with interactions between the lobster fishery and other marine fauna, and because
trends in newly settled YoY lobster may portend an imminent population decline. The
sustainability of this fishery and security for coastal communities, therefore, is tied to how well
we characterize interactions between the lobster fishery with other marine life and how climateinduced changes affect the demographic processes of the most critical life stages of the American
lobster.
This dissertation aimed to provide a novel approach in assessing the anthropogenic
influences on essential habitats within the GoM. Specifically, how they facilitated a population
expansion of lobster, how the expansion of the lobster fishery impacts crucial benthic habitats,
and what the implications of climate change are on the future of this iconic species. Changing
ocean conditions have already shifted the distribution, altered the demography, and magnified
the lobster fishery within the GoM, but continued anthropogenic impacts may be degrading
crucial benthic environments, altering the suitability and distribution of nursery habitats,
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changing the coastal connectivity and distribution of lobster larvae and postlarvae, and shaping
the trajectory of this historic fishery.
The population surge of lobster in the GoM was facilitated by relaxed demographic
bottlenecks that once precluded the use of critical nursery habitats. Successful benthic
recruitment of lobster is sequentially controlled by larval availability, propensity to settle, and
availability of nursery habitats, but prior to the 2000s benthic temperatures were too cold for
successful settlement across the entire GoM. However, changing ocean circulation patterns
rapidly warmed the GoM starting in the mid to late 2000s. Increased ocean heat content,
strengthening Artic circulation from increased ice melt, and weakening Atlantic Meridional
Overturning Circulation contributed to a northward shift in the Gulf Stream and weakening
southward flow of the Labrador current. Altered boundary conditions increased the advection of
warmer Gulf Stream waters and reduced advection of the colder Labrador Current into the GoM,
rapidly shifting patterns of thermogeography. Benthic temperatures experienced successive
thermal regime shifts that propagated northeast to southwest, rapidly increasing the suitability of
lobster habitats. By virtue of a well-mixed water column and temperatures slightly colder than
the biological threshold for successful settlement, the warming of the northeastern GoM
facilitated a rapid northeastward expansion of thermally suitable nursery habitats, increasing
settlement success of postlarval lobster. Elevated settlement contributed to a population surge of
lobster northeastward, making this area the most productive for lobster fishing within the GoM.
Demographic expansion of the lobster fishery via climate-induced changes coincided with
an expansion of the fishery northeastward, offshore, and the fishing of nearly three million traps
annually. To the extent that every type of fishing gear that interacts with the benthos generates
some measurable impact to critical marine habitats, the climate-expanded lobster fishery
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potentially poses significant impacts to habitats within the GoM. In the face of management
regulations due to potential gear interactions with the critically endangered North Atlantic Right
Whale, it is crucial that the extent of gear interactions with all marine life and their critical
habitats be assessed. Despite the vast expanse of the GoM lobster fishery and extensive number
of traps fished annually, the accumulation of benthic disturbance remains low. By virtue of low
susceptibility of marine habitats to be damaged by lobster traps, vast area fished, and low
probability of repeated gear interactions, approximately 2-4% of the seabed is in the process of
recovery from lobster gear interactions and over 99% of those features fully recover. Therefore,
the anthropogenic impacts by the GoM lobster fishery on critical benthic marine habitats is
considered negligible and confirms that the fishery is operating within the guidelines set forth by
the Magnuson-Stevens Fishery Conservation and Management Act of 1976.
Although anthropogenic changes have acted to bolster the lobster fishery within the GoM
and result in negligible impacts to benthic marine environments, continued warming has
implications on the future of lobster in this region. Elevated inshore temperatures past the
thermal optima for successful benthic recruitment suggest that the GoM may be headed towards
a state of unfavorable conditions to the earliest life stages of lobster. This is reinforced by
observed declines of newly settled young-of-year lobster and population forecast models which
predict population declines in the near- and long-term. However, the capacity of lobster to
withstand these ecosystem shifts, and projected population declines is predicated on their
responses to abiotic conditions and their plasticity to utilize new, previously inhospitable
habitats. Realizing thermal influence on larval and postlarval lobster is, therefore, necessary to
determine the future of this species.
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Larval phases are some of the most critical periods during an organism’s life history, and
complex changes in the marine environment have lasting impacts to larval demography.
Offshore shifts in the distribution of adult lobster and ontogenetic seasonal migrations influence
the thermal regime of developing lobster embryos, potentially affecting the rate of development
and location of release. We identified that patterns of hatch phenology are tightly coupled and
correspond with regional thermogeography, providing a robust metric to evaluate climate
influence on larval population dynamics. Elevating the seafloor temperature by 1 °C hastens
embryogenesis and causes hatch to occur 47 days earlier and over a 16-day shorter period. But
behind general patterns of warming are seasonal- and regional-specific dynamics driving shifts in
hatch phenology. Most lobster embryogenesis occurs during the Fall and Spring months while
the Winter induces diapause as temperatures fall below the lower thermal threshold for
embryonic development. We identified that rising temperatures in the Spring best correspond
with changes in hatch phenology but warming patterns since the mid-2000s suggest that Winter
has become increasingly important to embryonic development and hatch phenology. Warming
above the lower thermal threshold for embryogenesis shortens the period of diapause by 2 – 3
months, contributing to faster development and earlier hatch. In a rapidly warming GoM, this
earlier hatch could alter the prevailing currents, surface temperatures, and food resources to
which lobster larvae are exposed. This could affect larval distribution, connectivity, and
mortality.
If the distribution of competent larvae is changing, it is important to understand the
demographic bottlenecks constraining their successful recruitment to the seafloor. Competent
postlarval lobster initiate sounding behavior to the seafloor to seek optimal nursery habitats, but
this behavior is constrained by multiple abiotic factors. Previous studies identified that strong
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thermal gradients in the water column deter sounding behavior and act to prevent settlement on
thermally inhospitable regions. Although these patterns remain valid for shallow environments,
we identified that patterns of settlement over large spatial scales are predominantly controlled by
depth. Within the hierarchy that controls successful benthic recruitment; larval availability,
propensity to settle, and available nursery habitat, propensity to settle has its own hierarchy of
abiotic controls; depth followed by temperature. From the perspective of a settling postlarval
lobster depth is the first obstacle to overcome before benthic thermal conditions further restrict
settlement. This new insight offers the ability to characterize the extent to which deeper habitats
may contribute to the successful recruitment of postlarval lobster and identify spatial
heterogeneity in demographic bottlenecks. By virtue of a well-mixed water column, the
northeastern GoM only poses depth as a demographic constraint to successful recruitment of
postlarvae to the seafloor. The southwestern GoM, however, is thermally stratified and has a
stronger diminution of settlement with depth. This suggests that the adaptive capacity of
postlarvae to utilize offshore nursery habitats is regionally specific and that the northeastern
GoM may be more resilient to climate-induced distributional shifts of lobster.
The capacity of lobster to utilize nursery habitats is predicated on the thermal niche for
postlarval settlement. Warming of the GoM stimulated the expansion of the lobster population,
but what specifically drove this surge was the availability of thermally suitable nursery habitats.
Specifically, how warming past the lower thermal threshold for settlement induced a rapid
expansion of thermally suitable nursery habitats northeastward. As the availability of these
habitats once restricted settlement, so too may they act to modulate the area over which
settlement occurs. We found that patterns of inshore settlement are inversely related to the
availability of thermally suitable nursery habitat. This supports the hypothesis that settlement
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densities may be partially controlled by the availability of thermally suitable nursery habitats,
whereby warmer years dilute, and colder years concentrate, postlarvae over a larger, and smaller,
area, respectively. Thus, the interactive effects of spatially heterogeneous demographic
bottlenecks and thermal nursery habitat availability have significant implications on how we
characterize settlement year class strength. Therefore, we generated a model that estimated the
total recruitment of lobster within the GoM. This model produced patterns of total recruitment
that are in stark contrast to inshore patterns of settlement density. Rather than a precipitous
decline in year class strength since the mid-2000s, the extrapolated year class strength suggests
relative stasis in the southwest and successive recruitment pulses in the northeast. This new
index also indicates a decline in recruitment year class strength by 45% compared to the 90%
reduction estimated by inshore settlement density. This suggests that the capacity of lobster to
utilize offshore nursery habitats has merit in buffering the negative impacts from climate change,
and that the capacity to do so is greatest in the northeastern GoM.
Altered demographic processes of the American lobster are the result of a complex
interplay between climate change, local oceanography, and life stage specific biological
processes. We demonstrated that warming environmental conditions have a controlling effect on
several biological and ecological processes which affect the earliest life stages of lobster, but the
most dramatic changes occur about critical thermal thresholds. Non-linearity in oceanographic
shifts and organism response to climate change stimulated a population surge, an expansion of
the fishery, changes in seasonal embryogenesis, and availability of thermally suitable nursery
habitats. Therefore, the sustainability of this critical marine resource requires understanding the
interaction between fine-scale oceanography and life stage specific traits. Failure to do so may
mis-represent the status of lobster and lead to mis-informed management decisions. It is the
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purpose of this dissertation to provide the basis for a more comprehensive ecosystem-based
approach to management of the American lobster by considering anthropogenic influence by the
fishery, to the bioecological processes governing population dynamics, and providing the tools
necessary to evaluate the impact of future climate scenarios on early life histories and the
adaptive capacity of lobster to these changes. Considerable effort has been expended to
characterize habitat use and response to changing ocean conditions, yet, to date, a comprehensive
framework has yet to be developed to integrate these individual products. It would significantly
benefit the understanding of climate change influences on lobster populations by generating a
modeling framework that quantifies the synergistic effects of altered larval and postlarval
demography. Without which the cannot contextualize how thermally-mediated demographic
processes are impacting the sustainability and longevity of this iconic species.
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APPENDIX

Appendix 2-1. Presence of essential fish habitat features per substrate type (adapted from
Grabowski et al., 2014).
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Appendix 2-2. Swept Area Seabed Impact model assessment of biological essential fish habitat
feature functional groups (adapted from NEFMC, 2011).

143

Appendix 2-3. Swept Area Seabed Impact model assessment of geological essential fish habitat
features (adapted from NEFMC, 2011).
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Appendix 2-4. Sediment classification schemes and their adaptation to be used by the Swept
Area Seabed Impact (SASI) model. Sediment data were converted from the 14 classifications
used by the U.S.G.S. to the 5 used by the SASI model. A) Conversion of the modified sediment
classification scheme from Shepard (1954). B) Sediment conversion between sediment grain size
from the Wentworth scale (Wentworth, 1922).
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Appendix 2-5. Depth distribution of the Gulf of Maine. Each 50 m depth strata correspond to
one additional standard error applied to EFH recovery per substrate. Map was created in
Matlab® using M_Map base layers.
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Appendix 2-6. Monthly endline distribution per 5x5 arcmin area in the Gulf of Maine from the
National Marine Fisheries Service Vertical Line Model. Map was created in Matlab® using
M_Map base layers.
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Appendix 2-7. Zonal monthly endline distribution per 5x5 arcmin area in the Gulf of Maine
from the National Marine Fisheries Service Vertical Line Model. Values are mean endline count
<12 nm from the coast.
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Appendix 2-8. Depth distribution of annual and cumulative EFH functional reduction. Values
are mean and standard error. Letters denote statistical similarity.
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Appendix 2-9. Age distribution of lobster license holders in the state of Maine. Data courtesy of
the Maine Department of Marine Resources.
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Appendix 2-10. Coral observations within Federal Lobster Management Area 1. Inset:
functional group observation frequency. Map was created in Matlab® using M_Map base layers.
Data were sourced from the NOAA Deep-Sea Coral Data Portal (NOAA 2020).
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Appendix 3-1. Depth-specific catch frequency of egg-bearing lobsters from ventless trap and sea
sampling surveys (2001 - 2019).
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Appendix 3-2. Generalized additive model cross validations. A) Histogram of residuals (19792016). B) Quantile-quantile plot of residuals (1979-2016). Red line is the 1:1 relationship and
black dots are raw values. C) Bootstrap regression analysis (1979-2016). Faint grey lines are
individual linear models, solid black line is the mean of 100 runs, and the dashed line is the 1:1
relationship. D) Histogram of residuals (2007-2016). E) Quantile-quantile plot of residuals
(2007-2016). Red line is the 1:1 relationship and black dots are raw values. F) Bootstrap
regression analysis (2007-2016). Faint grey lines are individual linear models, solid black line is
the mean of 100 runs, and the dashed line is the 1:1 relationship.
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Appendix 3-3. Generalized additive model response curves (1979-2016). Blue lines are the
mean response, and the grey circles are partial fitted residuals.
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Appendix 3-4. Generalized additive model response curves (2007-2016). Blue lines are the
mean response, and the grey circles are partial fitted residuals.
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Appendix 3-5. Annual benthic temperature change along the Northwest Atlantic Continental
Shelf (<200 m). Trends are linear, node-specific rates using the Northeast Coastal Ocean
Forecast System (NECOFS) from 1978-2016. Reds: warming, Blues: cooling.
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Appendix 3-6. Temperature validation within the Gulf of Maine from 2001-2016 using in situ
buoy measurements from the Northeastern Regional Association of Coastal Ocean Observing
Systems (NERACOOS) and modeled data from the Northeast Coastal Ocean Forecasting System
(NECOFS). Black lines are the 1:1 relationships and red dashed lines are the linear regressions.
A) NERACOOS buoy locations. B) Temperature validation using monthly averaged values.
Surface: F1,1073 = 17106, p < 0.0001, R2 = 0.94, Y = 0.98x + 0.32. Bottom: F1,1031 = 4087, p <
0.0001, R2 = 0.80, Y = 1.01x + 0.06.
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Appendix 4-1. Regression statistics used for optimal model identification.
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Appendix 5-1. Progression of the American lobster settlement index (ALSI). Reported mean
densities of young-of-year (YoY) lobster < 10 m and number of sites sampled from 1989 and
1991 to 2015 for the southwestern and northeastern Gulf of Maine, respectively. Black circles:
YoY settlement density, Grey triangles: number of ALSI sampling sites, Red line: three-year
YoY settlement density moving block average.
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Appendix 5-2. Combined deep-water settlement patterns from Wahle et al. (2013). Settlement
densities were standardized to shallow settlement densities and averaged over the study period
(2007-2008) in the northeastern Gulf of Maine. Error bars are standard error. One-way ANOVA
summary: F2, 3 = 32.29, p = 0.009. A post hoc Tukey HSD test showed significant differences in
settlement density between depth strata at the p < 0.05 level. Letters denote statistical similarity.
Dashed line: least-squares linear regression; Y = -0.32x + 1.30, N = 6, R2 = 0.95, p < 0.001.
Inset: temperature profiles where collectors were deployed (Wahle et al. 2013 - Figure 5).
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Appendix 5-3. Rocky nursery habitat availability. Red dotted line: 100 m isobath. Inset: Rocky
substrate percentage cover < 100 m. Data points: regional average grid percentage rocky
substrate cover per 10 m depth bin. Error bars: standard error. Dashed lines: least-squares linear
regressions. Southwestern Gulf of Maine: Y = -0.28x + 39.26, N = 10, R2 = 0.77, p = 0.001.
Northeastern Gulf of Maine: Y = -0.12x + 46.86, N = 10, R2 = 0.19, p = 0.204.

161

Appendix 5-4. Least-squares regression summary for Figure 5-2A. Values are aggregated slopes
(°C year-1) for all NECOFS grids within each region and depth stratum. A post hoc Tukey HSD
test showed significant differences in warming rate between region and depth stratum at the p <
0.05 level. Letters denote statistical similarity.
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Appendix 5-5. Relationship between Aug-Oct. buoy (NERACOOS buoy E01 and I01) and
modeled (NECOFS) temperatures from 2001-2015 at the A.) surface (1 m), and B.) bottom (50
m). Solid line denotes 1:1 relationship. Dashed line denotes least-squares linear regression. Inset:
regression statistics.
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Appendix 5-6. NECOFS-modeled bottom habitat with temperatures >12 °C (km2) shallower
than 25, 50, and 100 m in the southwestern and northeastern Gulf of Maine from 2000-2015.
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Appendix 5-7. Least-squares regression summary statistics between various depth-limited
thermal habitat areas and young of year lobster densities in the southwestern and northeastern
Gulf of Maine.
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Appendix 5-8. Least-squares regression summary statistics between various temperature data
and the American lobster settlement index.
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Appendix 5-9. Depth-specific catch per trap haul of 53-83 mm carapace length lobster in the
Gulf of Maine from the Maine Department of Marine Resources ventless trap survey. A) catch
time-series from 2006-2017. B) Four-year block average catch; values are average + standard
error.
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